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ABSTRACT
HYDRODYNAMIC CAVITATION AS AN IN-LINE PROCESS TO CONTROL
COMMON DAIRY SPOREFORMERS
PRATIBHA CHAUDHARY
2019
Sporeforming bacteria and their endospores have the ability to survive thermal
treatments and proliferate in the milk and dairy products to cause spoilages. We applied
the effect of hydrodynamic cavitation in controlling these bacteria and their spores at
pilot scale level. Our aim was to investigate a technology that would improve the
microbial quality of milk and dairy products, and is capable of being scaled up to be
adapted at industrial level. Cavitation damages the cell walls of the bacteria and their
endospores (releasing dipicolinic acid, responsible for endospore resistance to extreme
conditions), thereby making them susceptible to thermal treatments such as
pasteurization. A hydrodynamic cavitator was setup in-line to a plate heat exchanger
(with an adjustable holding tube) to provide cavitation effect (3600 rpm cavitator rotor
speed) immediately followed by HTST pasteurization for 73 ºC for 15 s to artificially
inoculated milk samples. Vegetative cells and endospores of Bacillus coagulans (ATCC
12245), Bacillus licheniformis (ATCC 6634), and Geobacillus stearothermophilus
(ATCC 15952) were studied for their survivability against HTST pasteurization alone
versus the in-line process, which had an additional cavitation effect in combination with
HTST pasteurization. Cavitated milk was also used to produce skim milk powder, in
order to study the overall reduction in the sporeformers and spore counts of the final
product. This helped us to understand the feasibility and effectiveness (in controlling
sporeforming bacteria and their endospores) of the process in manufacturing skim milk
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powder, which is one of the largest exported product from the United States. Quality
defects (microbial inconsistencies being one major reason) has affected the export in
recent years. We observed that HTST pasteurization reduced (P<0.05) vegetative cells of
B. coagulans (ATCC 12245), B. licheniformis (ATCC 6634) and G. stearothermophilus
(ATCC 15952) by 99.99, 99.999, and 99.9% (i.e. a 4 Log, 5 Log and 3 Log reduction
respectively) from initial bacterial (vegetative cells) loads of 5.43 ± 0.02, 5.24 ± 0.18 and
3.50 ± 0.37 Log CFU/mL respectively. Bacillus coagulans was further investigated using
the in-line process, since it showed some resistance (more than 1 Log survivors) to HTST
pasteurization alone. The in-line process effectively (P<0.05) reduced the bacteria by
99.99%, a 4 Log reduction again but more effectively reducing it below 1 Log CFU/mL
(0.90 ± 0.04 Log CFU/mL from an initial load of 4.75 ± 0.03 Log CFU/mL). For the
endospore challenge studies it was observed that at least 2C1P effectively (P<0.05)
reduced endospores by 85.03% (from initial loads of 1.69 ± 0.12 Log spore/mL to 0.85 ±
0.19 Log spore/mL) in case of B. licheniformis, 47.66% (from initial mean loads of 1.51
± 0.03 Log spore/mL to 1.22 ± 0.10 Log spore/mL) in case of G. stearothermophilus and
76.04% (from initial mean loads of 2.13 ± 0.06 Log spore/mL to 1.52 ± 0.06 Log
spore/mL) in B. coagulans. 3C1P were most effective (P<0.05) in reducing 92.41% (from
initial loads of 1.69 ± 0.12 Log spore/mL to 0.57 ± 0.14 Log spore/mL) endospores of B.
licheniformis, 91.58 % (from initial mean loads of 1.51 ± 0.03 Log spore/mL to 0.42 ±
0.15 Log spore/mL) endospores of G. stearothermophilus and 63.52% (from initial mean
loads of 2.13 ± 0.06 Log spore/mL to 1.70 ± 0.05 Log spore/mL) endospores of B.
coagulans. While 2C1P was more effective against the endospores of thermoduric B.
coagulans, 3C1P was more effective against the thermophilic strains B. licheniformis and
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G. stearothermophilus, suggesting that the process can be fine-tuned depending upon the
type of strain. A pilot scale study was conducted to manufacture low spore skim milk
powder by incorporating cavitation into the regular protocol, double cavitation (2C)
passes prior to HTST pasteurization, evaporation and Niro drying was used, B.
licheniformis (ATCC 14580) was artificially inoculated into raw milk. The process
reduced 99.840 % (2.96 ± 0.10 Log spore/mL in skim milk to 1.49 ± 0.09 Log spore/g in
SMP, P<0.05) of endospores of B. licheniformis (ATCC 14580) in the final SMP as
compared to a typical industrial process which left the final counts of 2.74 ± 0.03 Log
spore/g in SMP. The final cavitated powder had better bacteriological as well as
comparable physicochemical properties to the powder produced from regular protocol.
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INTRODUCTION
Milk is a highly nutritional healthy food and an important part of diets across the
globe. The 2015 to 2020 guidelines of the U.S. Department of Agriculture recommend
that Americans should eat "Fat-free or low-fat dairy, including milk, yogurt, cheese,
and/or fortified soy beverages”. Due to its high nutritional content, it is an ideal medium
for bacterial growth. The dairy industry is continually changing and growing, finding
ways to control these bacteria and other causes that compromise milk and dairy product
quality. The main aim of the industry is to deliver a quality product that is safe for the
consumer and to attain food security by minimizing losses due to quality defects.
Pasteurization is one of the oldest methods used to eliminate pathogens and spoilage
causing vegetative bacteria (not bacterial spores) to extend the shelf life of milk. It is not
enough to inactivate bacterial spores which can germinate into vegetative cells under
favorable conditions and cause spoilage in the product. Spoilage causing sporeforming
bacteria have been a major concern in the dairy industry worldwide. The endospores of
these bacteria are thermoduric and may even survive ultra-heat treatment (UHT). Higher
heat treatments which tend to sterilize the products come with undesirable side effects of
changing the chemical composition, causing nutritional losses and impacting sensory
attributes by imparting off flavors and change in color. Sporeforming bacteria are
ubiquitous in nature, and are present in raw materials, their thermo-tolerance is one
concern, the hydrophobicity of their endospores and resistance to desiccation and
disinfectants allowing them to attach to processing equipment in the form of biofilms
accounts for a greater need to get rid of them in order to avoid any quality and safety
issues in the final product. Hydrodynamic cavitation as a novel approach can be used to
eliminate the vegetative cells as well as endospores of sporeforming bacteria without
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causing any physical or chemical changes to the dairy products. In our study we
investigated hydrodynamic cavitation in-line to pasteurization to facilitate ease in
processing and to simulate industrial level processing. Our objectives were to:
•

Study the effects of hydrodynamic cavitation in-line to HTST
pasteurization in inactivating endospores of some common dairy
sporeformers.

•

Study the effects of hydrodynamic cavitation in-line to HTST
pasteurization during production of skim milk powder at a pilot scale.
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CHAPTER 1
REVIEW OF LITERATURE
Sporeforming bacteria are found ubiquitously in the farm environment. In their
resistant spore state sporeforming bacteria like Bacillus and Clostridium travel from the
multitude of farm sources into raw milk. Once in raw milk, these bacteria can transform
through a process known as germination, into vegetative cells, or non-dormant cells
capable of growing. Sporeforming bacteria are more resistant than the average
microscopic unicellular organism. There are only certain bacteria that are capable of
forming endospores, the main class of them being Bacilli, Clostridia, Erysipelotrichia,
Negativicutes and Thermolithobacteria (Galperin, 2013; Zhang and Lu, 2015). The
bacteria sporulate to survive in hostile environmental conditions as they surround
themselves with durable coats of protein. Endospores are tough, dormant structures
formed from vegetative cells of bacteria as a survival strategy when subjected to adverse
environmental conditions like pH change, lack of nutrients, desiccation, heat or chemical
exposure. However, when revived some of these bacteria, which have pathogenic strains
can cause a number of diseases, including botulism, anthrax, tetanus and acute food
poisoning. These bacteria can be aerobic, anaerobic or facultative anaerobic. Bacilli and
Clostridia are the most consistent and dominant species occurring in dairy making them
an important concern for the industry.

ECOLOGY OF SPOREFORMING BACTERIA
The primary habitat of sporeforming bacteria is considered to be soil. Population
of a single species can get as high as 105-106 spore/g of soil. Contamination in milk
comes via two routes, the raw milk route and the post-pasteurization route (Heyndrickx,
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2011). Sporeforming bacteria find their way into raw milk usually from the soil, feed,
silage, bedding of the animal, animal teats and feces, improper handling, unclean utensils
and poor milking practices (Chambers, 2002). Due to such unavoidable natural routes,
these bacteria end up in large numbers and diverse populations in raw milk (Burgess et
al., 2010; Carlin, 2011). Silage is considered a primary source of contamination of milk,
spores of Clostridium tyrobutyricum responsible for semi-hard cheese defects have
known to be sourced from silage (Vissers et al., 2007). Magnusson et al., (2007) studied a
highly significant correlation between B. cereus spore concentration in feed, feces and
milk at a dairy farm. On the other hand, contamination via the post-pasteurization route is
related to the dairy processing equipment (pitted metals, worn gaskets, milk foulant, foam
in processing equipment) or biofilms (formed due to adhesion of sporeforming bacteria
and their endospores to the surface of process lines or equipment) which can be released
into the milk processing system (Heyndrickx, 2011).
Milking equipment are a major source of persistent contamination in milk (Christiansson
et al., 1999; Scheldeman et al., 2005) favored due to the adhering properties of
endospores (forming biofilms) and their resistance to cleaning agents (Andersson et al.,
1998; Auger et al., 2009).

Implications of psychrotrophic growth capabilities of sporeformers
The occurrence of psychrotrophic bacteria in raw milk is researched globally due
to the difficulties associated with controlling their growth during cold storage and the
consequent adverse impacts on fluid milk or dairy products. Psychrotrophic sporeforming
bacteria germinate and proliferate in refrigeration holding temperatures. The International
Dairy Federation defines psychrotrophs as those “microorganisms that can grow at 7 ºC
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or less, irrespective of their optimal growth temperature”. Psychrotrophs, most commonly
comprise of gram-negative rods, which usually do not survive pasteurization and hence
occur in processed milk and dairy products as post-pasteurization contaminants.
Although these bacteria are heat sensitive, their proteinases and lipases allow them to
resist moderate to severe heat treatments and cause product spoilage. Psychrotrophs
contain members from the genera Arthrobacter, Clostridium, Microbacterium,
Streprococcus, Corynebacterium and Bacillus. The Bacillus species predominate this
type. Bacillus licheniformis has been identified as one of the most problematic widely
occurring psychrotrophs isolated from the dairy environment worldwide in several
studies (Crielly et al., 1994; Mansour et al., 1999; Coorevits et al., 2008; De Jonghe et al.,
2010; Buehner et al., 2015). The organism can produce spoilage causing enzymes having
intermediate but, substantial proteolytic activity, have the ability to ferment lactose,
utilize citrate starch and casein and reduce nitrate to nitrite (De Jonghe et al., 2010). It is
also reported to produce hazardous toxins (Beattie and Williams, 1999, Pedersen et al.,
2002) and health detrimental biogenic amines (ZaMaN et al., 2010). It was identified as
one of the most prevalent thermophilic bacteria in Chinese milk powders accounting to
27.8% of 801 isolates and appearing in eighteen of twenty-two milk powders (Yuan et
al., 2012). Ruckert et al., (2004) found that B. licheniformis represented 37.7% of the
742 isolates of thermophilic sporeforming bacteria in milk powders from 18 different
countries. The spores can produce enzymes that affect the organoleptic and compositional
characteristics of powders (Chen et al., 2003).

Implications of mesophilic growth capabilities of sporeformers
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Spore forming bacteria that prefer mid-range temperatures to grow and proliferate
are known as mesophilic (i.e., moderate heat loving). Aerobic mesophilic sporeformers in
raw milk consisted mainly of Bacillus subtilis (42.5%) and Bacillus megaterium (34.8%),
followed by Bacillus circulans (4.9%), Bacillus cereus (4.6%), Bacillus pumilus (2.9%),
Bacillus polymyxa (2.8%), Bacillus licheniformis (1.9%), Bacillus badius (1.5%),
Bacillus brevis (1.3%), Bacillus pulvifaciens (1.2%), Bacillus coagulans (1.1%), and
Bacillus firmus (.5%) (Shehata et al., 1983). According to one study, the incidence of
mesophilic isolates in raw milk was highest in the winter and lowest in the
summer/autumn while psychrotroph incidence was conversely lowest in the winter and
highest in the late summer/autumn (Sutherland and Murdoch, 1994), the predominant
mesophilic species isolated were B. pumilus, B. licheniformis and B. subtilis. In an
experiment involving enumeration of sporeforming bacteria using flow cytometry Flint et
al., (2006) found that mesophilic sporeformers were unlikely to be a problem in the
analysis of milk powders, as a selection of them did not show any significant labeling,
when they were present they normally occurred in low numbers.

Implications of thermophilic growth capabilities of sporeformers
The strains of bacteria that can grow at highly elevated temperatures are classified
as thermophilic bacteria. They have the ability to proliferate during milk processing
involving high temperatures. These bacteria have gained increased attention in the dairy
industry because of their high prevalence in powdered milk products. High numbers of
these bacteria and their endospores in the product are seen as a hygiene indicator for poor
manufacturing practices. Genus Bacillus is the strain that is recovered from milk powders
in majority. In most of the studies conducted, majority of the bacteria isolated were
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identified as Geobacillus stearothermophilus, Bacillus licheniformis and Anoxybacillus
flavithermus (Schwarzenbach and Hill, 1999; Rückert et al., 2004; Burgess et al., 2010).
Geobacillus spp. are common contaminants of milk powder processing plants (Putri,
2017). Thermophilic spores can remain viable during the entire dairy powder
manufacturing process, including pasteurization (72 °C for 15s) and even the hotter
drying temperatures. They have the highest potential to proliferate in the heat exchangers
and evaporator sections during the manufacture of dairy powders as the temperatures
elevate between 45-75 °C (Scott et al., 2007). The studies have shown that growth
occurred in the temperature range 45 to ~70 °C with fastest growth occurring at ~60 °C.
The generation time at 60 °C was estimated to be ~ 22 – 25 min (Putri, 2017). Some
thermophilic bacteria have the potential growth to form persistent biofilms, resulting in
the largest threat to post-pasteurization contamination in milk processing plants (Scott et
al., 2007).

Implications of thermoduric nature of sporeformers
There has been a previous study in our lab on the occurrence of thermoduric
sporeforming bacteria in milk and milk products (Buehner et al., 2015). Thermoduric
bacteria can survive temperature exposure well above their maximum growth
temperature. The term is applied to those organisms, which can survive but do not grow
at pasteurization temperature. Species of Bacillus, Lactobacillus, Micrococcus,
Streptococcus and occasionally gram-negative rods are included in the thermoduric
bacteria type. Strains of Arthrobacter, Enterococcus, Lactobacillus, Microbacterium,
Micrococcus and Streptococcus and spore-formers such as Bacillus, Clostridium and
Paenibacillus have been isolated from processed milk. Bacillus (and Paenibacillus)
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species tend to be most frequently isolated and may arise quality concerns. Bacillus
licheniformis, B. cereus, B. circulans and B. subtilis have been commonly isolated from
freshly pasteurized products (Westhoff and Dougherty, 1981; Hull, 1992; Ternström et
al., 1993; Crielly et al., 1994). Contamination can occur prior to, during or post
pasteurization process, even though farm raw milk is usually considered to be a major
source of thermoduric organisms in pasteurized milk, an improperly cleaned dairy plant
and processing equipment may also contribute large numbers (Te Giffel, 1997).
Thermoduric bacteria in milk are usually correlated to a contamination source. The
number of thermoduric bacteria in milk can be counted with Laboratory Pasteurization
Count (LPC) method. The LPC is a simple test often used as an indicator of the
effectiveness of sanitation and hygiene procedures at a dairy farm. One study conducted
in the farms of west Scotland shows that 27.2% of sporeforming bacteria isolated from
milk samples collected from 1040 farms were thermoduric psychrotrophs, 85.8% of these
belonged to the genus Bacillus and 9.9% were from the coryneform group. Bacillus
cereus occurred most frequently and B. licheniformis and B. coagulans also occurred in
significant numbers (Johnston and Bruce, 1982). Thermoduric sporeformers and spores
are especially significant in dried products due to the concentration effect.

Microbial quality concerns for Skim Milk Powder
Milk powders are highly lucrative dairy products because of their ease in
transportation and prolonged shelf life compared to fluid milk. In recent years, increased
emphasis has been placed on the manufacturing of dried milk products for improved shelf
life outside Europe. These powders are used in a broad range of products including infant
formulae, nutritional sports supplements, confectionary and health recovery supplements.
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Due to their inherent ability to survive extreme processing conditions, specific emphasis
on sporeforming bacteria is necessary. Studies have reported that the sporeforming
bacterial composition of raw milk varies significantly from their associated dairy
powders (Scott et al., 2007; Watterson et al., 2014; Miller et al., 2015), composition of
the specific sporeformers changes on the processing of milk into powder. Spore
populations amongst bulk tank raw milk and dairy powders are notably different.
Powders can be stored in the absence of water for extended periods postproduction,
bacterial metabolic activity and growth is restricted (Deng et al., 2012), thus preventing
spoilage and product defects. Under these circumstances, however, bacterial spores may
stay dormant until more favorable conditions are met, and germination and outgrowth
may continue.
The United States exports a large variety of dairy products like cheese,
SMP/NDM, whey products and lactose globally and has the potential to grow in the
coming years. The current global export of Skim milk powder/nonfat dry milk
(SMP/NDM) from the U.S. is 67,154 tons (aggregate volume as of March 2018), which is
38% more from March 2017 (U.S. Dairy Export Council-Global Dairy Market Outlook).
The quality of products has however; sometimes lead the U.S. to face challenges in recent
years from the South East Asian market due to inconsistencies in microbial quality. There
has been a lag in the export of SMP/NDM to major Asian markets as the Philippines,
Indonesia and Vietnam. The importing markets are looking for high specification dairy
ingredients that meet their needs, especially low-spore powders. U.S. milk powder
producers are investing in world-class technology, upgrading processes and facilities to
meet and exceed the consumer specifications for milk powders.
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Challenges in using Thermal processing in controlling sporeformers and spores
Thermal processes are an inevitable part of dairy processing. They are important
to ensure a safe and quality product. The processes tend to increase the storage life of
dairy products by inactivating enzymes, spoilage-causing organisms and pathogens. The
dairy industry uses a wide range of thermal treatments depending on their effect on the
chemical, bacteriological and physical properties of milk. The processes are designed to
provide specific treatments for direct consumption (pasteurization, extended shelf life
processing, ultra-high treatment) and for the manufacture of specific products like yogurt,
cheese and milk powders. Pasteurization (heating at 72-80 °C for 15-30 s) is good enough
for processing milk intended for consumption, manufacture of cheese and low heat SMP.
It destroys non-sporeforming pathogens and psychrotrophic spoilage bacteria and is
inefficient against spores or thermoduric vegetative bacteria. The process has a minor
effect on vitamins, causes ~5% whey protein denaturation and inactivates lipase.
Pasteurization for extended shelf life (125-140 °C/1-10 s) milk kills all non-sporeforming
bacteria and most psychrotrophic and mesophilic spores. Depending on the actual heat
treatment conditions, the process significantly denatures whey proteins (25-85% of blactoglobulin), inactivates lactoperoxidase and may slightly alter the flavor. Ultra-High
temperature (135-150 °C/1-10 s) processing extends the shelf life of milk with storage
capability at ambient temperatures. It kills all non-sporeforming bacteria and all spores
except highly heat resistant spores. The process renders a high level of whey protein
denaturation (70-95% of b-lactoglobulin), causes isomerization of lactose to lactulose,
lactolysation of lysine residues and formation of sulfhydryl compounds resulting in a
cooked/sulfurous flavor. Processes like thermisation (57-68 °C/5 s-30 min) meant for
extending the shelf life of raw milk prior to further processing are effective against some
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non-sporeforming pathogens and psychrotrophic spoilage bacteria. In container
sterilization (110-120 °C/10-20 min or 125 °C/5 min) meant for evaporated/ condensed
milk or extending shelf life of milk at ambient temperatures, destroys all nonsporeforming bacteria and all spores except highly heat resistant ones and causes
complete denaturation of whey protein, extensive Maillard’s reaction and production of
heated flavor compounds resulting in strong cooked flavors and light brown discoloration
(Al-Attabi et al., 2008). The process is used for some flavored milk products. Heat
treatment of milk at 90-95 °C/5-10 min used for yogurt manufacturing destroys most
non-sporeforming bacteria and almost totally denatures whey proteins. It causes
increased viscosity of yogurt by forming whey protein-k-casein complexes and enhances
water binding capacity. Heat treatment of milk at 85 °C/1 min or 90 °C/30 s or 105 °C/
meant for pre-heating in UHT processing or the production of medium-heat SMP or
whole milk powder destroys non-sporeforming pathogens and psychrotrophic spoilage
bacteria and causes moderate to substantial whey protein denaturation, inactivates
plasmin and formation of some sulfhydryl compounds which act as antioxidants in whole
milk powder resulting in improved storage stability of whole milk powder (Deeth, 2017).
Similarly, extreme heat treatments meant for the production of high-heat SMP (90 °C/5
min; 120 °C/1 min; 135 °C/30 s) and high-high-heat or high-heat-high-stable SMP (>120
°C/>40 s) are effective against non-sporeforming pathogens, psychrotrophic spoilage
bacteria and most spores but, they cause extensive total whey protein denaturation (Singh
and Creamer, 1991). It is evident that such high heat treatments even though are effective
against most of the pathogens and spoilage causing sporeforming bacteria and their
spores, have an undesired effect against proteins and vitamins, cause undesirable flavor
and color changes and effect the overall nutritional and functional properties of the final
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products. To curb such problems alternate technologies like cavitation, microfiltration,
cold plasma, pulsed electric field, high pressure processing, etc. have been investigated to
find their application in dairy processing.

Application of alternative processing technologies in controlling sporeformers and spores
Newer technologies alone or in combination with the conventional heat treatments
have the potential to outperform them all together. Studies regarding modified contact
surfaces, ultrasonication and hydrodynamic cavitation done previously (Jindal and
Anand, 2018) demonstrated that modified steel surfaces like Ni-P-polytetrafluoroethylene
(PTFE) resisted bacterial adhesion as compared to native stainless steel and can be used
in equipment like plate heat exchangers, evaporators and dryers which would lessen
fouling during processing and lead to lower bacterial counts in the final product.
Microfiltration is another technology that can effectively remove certain microorganisms
from skim milk (Saboyainsta and Maubois, 2000, Elwell and Barbano, 2006) commonly
using ceramic membranes of pore size of diameters 0.8-1.4 mm (Rysstad and Kolstad,
2006).
Cavitation, a fluid mechanics phenomenon, occurs when there is a sudden
decrease in the pressure of the flowing liquid. Cavitation refers to the formation, growth
and collapse of cavities, small bubbles, within the liquid resulting in a shattering effect
and generating shock waves that can cause cell disruption, particle reduction, formation
of free radicals, etc. Cavitation can be induced hydrodynamically and acoustically (e.g.
ultrasonication). Previously, Khanal et al., (2014) studied the effect of ultrasonication on
endospores of common dairy sporeformers including B. licheniformis, B. coagulans and
G. stearothermophilus in skim milk. The cavitation effect induced due to ultrasonication
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damages the endospores thereby, reducing their resistance to thermal treatments. He
reported a 65.74% endospore inactivation of G. stearothermophilus when ultrasonication
was combined with LTLT pasteurization. In another study, hydrodynamic cavitation has
been reported to be more efficient for inactivation of endospores in skim milk. Bawa
(2016) reported a 97.59% reduction in endospores of B. licheniformis in skim milk when
subjected to 6 continuous passes of hydrodynamic cavitation followed by holding at 30
°C for 3 h, followed by heat treatment of 85 °C for 15 min. However, the heat treatment
of 85 °C for 15 min was not found to be feasible to be implemented at a milk powder
manufacturing plant. So, a more similar process to a powder manufacturing process was
designed where a 99.29% reduction in endospores of B. licheniformis was achieved when
a pre-heat treatment of 65 °C followed by 6 pass cavitation, holding and heat treatment of
80 °C for 1 min was done, the pre-heat treatment was given keeping in view the preheaters before evaporation in a powder manufacturing process. The 6-pass effect was
achieved by recirculating the product for 18 min in the Cavitator thereby, subjecting it to
a continuous cavitation effect followed by a heat treatment in the lab using a shaking
water bath. Researchers have also reported hydrodynamic cavitation as an efficient
process in terms of energy consumption when compared to acoustic cavitation
(Capocellia et al., 2014).
High pressure processing is a pasteurization technique, in which food items are
exposed to extremely high pressures. Pressures above 400 MPa at ambient temperatures
can inactivate vegetative cells of many microorganisms (bacteria, viruses, yeasts, molds
and parasites). Spore germination can be observed between 50-300 MPa
(Lado and Yousef, 2002). Reddy et al., (2007) studied the combined effect of high
pressure (827 Mpa) and low temperatures (40 °C) for inactivating 5 logs of spores of
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Clostridium botulinum. In a similar study Silva et al., (2015) found that increase in the
high-pressure processing temperature had a greater lethal effect on the spores of Bacillus
cereus. They observed an increased 3.5 log reduction in endospores (in reconstituted
skim milk) when the processing temperature was elevated from 38-70 °C at 600 MPa
pressure.
Cold plasma is another technique used to sterilize the surface of fresh food items
due to the generation of antimicrobial agents (UV, radiation, ozone, charged particles and
supercharged oxygen) in the atmosphere by the use of electricity and a carrier gas such as
oxygen, nitrogen or helium resulting in electrical discharges and ionization of the
atmosphere. Researchers have demonstrated the effect of cold plasma in inactivating
endospores of some Bacillus subtilis by nearly 4 Logs after 1 min; a total inactivation of
about 5.3 Logs was obtained for Bacillus sp. and Geobacillus stearothermophilus spores
after 5 min of plasma treatment at 1 kHz and 10 kVpp (Klämpfl et al., 2012). Dobrynin et
al., (2010) demonstrated a 5 Log reduction in the endospores of B. cereus and B.
anthracis within a min of dielectric-barrier-discharge plasma at power 0.3 W/cm2. The
reactive gases of plasma sometimes have undesirable effects on the food being processed.
Researchers have reported changes in color, texture, pH, denaturation of protein,
degradation of carbohydrates, reduction in ascorbic acid, lipid oxidation and changes in
antioxidant capacity (Jayasena et al., 2015; Lacombe et al., 2015; Ramazzina et al., 2016;
Segat et al., 2016; Amini et al., 2017; Pankaj et al., 2017; Rodríguez et al., 2017;
Sarangapani et al., 2017).
Microfiltration is a technique involving particle size exclusion using a semipermeable membrane. It can effectively remove certain microorganisms from skim milk
(Saboyainsta and Maubois, 2000, Elwell and Barbano, 2006) by using ceramic
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membranes of pore size of diameters 0.8-1.4 mm (Rysstad and Kolstad, 2006). Head and
Bird, (2013) investigated the removal of B. mycoides spores from a high solid milk
protein isolate solution by using a ceramic membrane of pore size 12.0 µm at 1.4 m/s
cross flow velocity. They obtained a 2.1 log reduction and a 96.5% protein transmission
indicating that microfiltration could augment pasteurization for high solid content dairy
feeds. In a similar study 5.91 ± 0.05 Log spore/mL and 4.50 ± 0.35 Log spore/mL of B.
anthracis were removed from ceramic membranes of pore size 0.8 µm and 1.4 µm
respectively, complete transmission of casein proteins was also achieved (Tomasula et
al., 2011). The setbacks to this technology are the overlap of particle size of spores with
those of micellar casein, which needs to pass through the membrane in order to retain
milk composition and the fouling of the membranes which demands for frequent
changing.
Pulsed electric field is a non-thermal method of preserving food by the pulse
energy derived from a pulse modulator. External electrical fields can induce pores in
microbial or plant cells and this effect is known as electroporation (Gášková et al., 1996;
Pothakamury et al., 1997). The disintegration of cells typically occurs at an electric field
of strength 1 kV/cm whereas, microbial inactivation occurs at a strength above 15 kV/cm.
Spilimbergo et al., (2003) found pulsed electric field treatment to be effective against S.
aureus spores causing a 3.3 Log reduction. In another study, PEF achieved an 88% (3.25
Log) inactivation by using an electric field of strength 35 kV/cm (Siemer et al., 2014).
PEF is suitable for high acid products due to their high electrical conductivity and high
hydrogen ion concentration to transmit electric field strength. High fat and airy foods are
not a suitable choice of foods to be processed through PEF due to their poor conductivity
(Grahl and Märkl, 1996).
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CONCLUSIONS
In most cases, sporeforming bacteria are a problem for the dairy industry. They
cause unwanted defects and spoilages, reducing the quality and sometimes causing safety
issues. The bacteria and their endospores are resistant to the conventional heat treatments
commonly used in the dairy industry, can form biofilms, which are a big concern for
causing post-processing contamination. In order to tackle these problematic organisms,
newer approaches have been researched. Cavitation is a powerful mechanism that can
induce injuries to these organisms, which then lose their resistance and can be inactivated
by subsequent heat processing. The cavitated product with lower sporeformer counts
would be less susceptible to quality issues and affects associated with them. Research
generally allows us to find suitable solutions for a problem, the application of that
solution at an industrial level is usually not achievable in most cases. Hydrodynamic
cavitation comes across as a technique that can be applied to industrial processing of fluid
milk and can be adapted in industrial scale continuous processes. Cavitated skim milk can
find its way as an end product after HTST pasteurization, as a potentially extended shelf
life milk or as a primary product for the manufacturing of superior quality dairy products
like skim milk powder, cheese, yogurt, etc.

17
REFERENCES
Al-Attabi, Z., B.R. D’Arcy, and H.C. Deeth. 2008. Volatile Sulphur Compounds in UHT
Milk. Crit. Rev. Food Sci. Nutr. 49:28–47. doi:10.1080/10408390701764187.
Amador Espejo, G.G., M.M. Hernández-Herrero, B. Juan, and A.J. Trujillo. 2014.
Inactivation of Bacillus spores inoculated in milk by Ultra High Pressure
Homogenization. Food Microbiol.. doi:10.1016/j.fm.2014.06.010.
Amini, M., M. Ghoranneviss, and S. Abdijadid. 2017. Effect of cold plasma on crocin esters
and

volatile

compounds

of

saffron.

Food

Chem..

doi:10.1016/j.foodchem.2017.05.067.
Andersson, A., U. Ronner, and P.E. Granum. 1998. What problems does the food industry
have with the spore-forming pathogens Bacillus cereus and Clostridium perfringens?
Auger, S., N. Ramarao, C. Faille, A. Fouet, S. Aymerich, and M. Gohar. 2009. Biofilm
formation and cell surface properties among pathogenic and nonpathogenic strains of
the Bacillus cereus group. Appl. Environ. Microbiol.. doi:10.1128/AEM.00155-09.
Buehner, K.P., S. Anand, and G.D. Djira. 2015. Prevalence of thermoduric bacteria and
spores in nonfat dry milk powders of Midwest origin. J. Dairy Sci..
doi:10.3168/jds.2014-8822.
Burgess, S.A., D. Lindsay, and S.H. Flint. 2010. Thermophilic bacilli and their importance in
dairy processing. Int. J. Food Microbiol.. doi:10.1016/j.ijfoodmicro.2010.09.027.
Capocellia, M., M. Prisciandarob, A. Lanciac, and D. Musmarraa. 2014. Comparison between
hydrodynamic and acoustic cavitation in microbial cell disruption. Chem. Eng 38.
Carlin, F. 2011. Origin of bacterial spores contaminating foods. Food Microbiol..
doi:10.1038/cdd.2014.185.
Chambers, J. V. 2002. The microbiology of raw milk. Dairy microbiology handbook 3:39-

18
90.
Christiansson, a, J. Bertilsson, and B. Svensson. 1999. Bacillus cereus Spores in Raw Milk:
Factors Affecting the Contamination of Milk During the Grazing Period. J. Dairy Sci..
doi:10.3168/jds.S0022-0302(99)75237-9.
Coorevits, A., V. De Jonghe, J. Vandroemme, R. Reekmans, J. Heyrman, W. Messens, P. De
Vos, and M. Heyndrickx. 2008. Comparative analysis of the diversity of aerobic
spore-forming bacteria in raw milk from organic and conventional dairy farms. Syst.
Appl. Microbiol. 31:126–140.
Crielly, E.M., N.A. Logan, and A. Anderton. 1994. Studies on the Bacillus flora of milk and
milk products. J. Appl. Bacteriol. 77:256–263.
Deeth, H. 2017. Optimum thermal processing for extended shelf-life (ESL) milk. Foods
6:102.
Deng, X., Z. Li, and W. Zhang. 2012. Transcriptome sequencing of Salmonella enterica
serovar Enteritidis under desiccation and starvation stress in peanut oil. Food Microbiol.
30:311–315.
Dobrynin, D., G. Fridman, Y. V Mukhin, M.A. Wynosky-Dolfi, J. Rieger, R.F. Rest, A.F.
Gutsol, and A. Fridman. 2010. Cold plasma inactivation of Bacillus cereus and
Bacillus anthracis (anthrax) spores. IEEE Trans. Plasma Sci. 38:1878–1884.
Donato, L., and F. Guyomarc’h. 2009. Formation and properties of the whey protein/κ-casein
complexes

in

heated

skim

milk

–

A

review.

Dairy

Sci.

Technol..

doi:10.1051/dst:2008033.
Elwell, M. and D. Barbano. 2006. Use of Microfiltration to Improve Fluid Milk Quality1, 2.
Journal of Dairy Science 89:E20-E30.
Flint, S., K. Walker, B. Waters, and R. Crawford. 2007. Description and validation of a rapid

19
(1 h) flow cytometry test for enumerating thermophilic bacteria in milk powders. J.
Appl. Microbiol. 102:909–915.
Flint, S., J.-L. Drocourt, K. Walker, B. Stevenson, M. Dwyer, I. Clarke, and D. McGill. 2006.
A rapid, two-hour method for the enumeration of total viable bacteria in samples from
commercial milk powder and whey protein concentrate powder manufacturing plants.
Int. dairy J. 16:379–384.
Flint, S., J. Palmer, K. Bloemen, J. Brooks, and R. Crawford. 2001. The growth of Bacillus
stearothermophilus on stainless steel. J. Appl. Microbiol. 90:151–157.
Galperin, M.Y. 2013. Genome Diversity of Spore-Forming Firmicutes. Microbiol. Spectr..
doi:10.1128/microbiolspectrum.TBS-0015-2012.
Gášková, D., K. Sigler, B. Janderova, and J. Plášek. 1996. Effect of high-voltage electric
pulses on yeast cells: factors influencing the killing efficiency. Bioelectrochemistry
Bioenerg. 39:195–202.
Gleeson, D., A. O’Connell, and K. Jordan. 2013. Review of potential sources and control of
thermoduric bacteria in bulk-tank milk. Irish J. Agric. Food Res. 217–227.
Grahl, T., and H. Märkl. 1996. Killing of microorganisms by pulsed electric fields. Appl.
Microbiol. Biotechnol. 45:148–157.
Hamouda, T., A.Y. Shih, and J.R. Baker. 2002. A rapid staining technique for the detection
of the initiation of germination of bacterial spores. Lett. Appl. Microbiol..
doi:10.1046/j.1472-765x.2002.01047.x.
Head, L.E., and M.R. Bird. 2013. The removal of psychrotropic spores from Milk Protein
Isolate feeds using tubular ceramic microfilters. J. Food Process Eng. 36:113–124.
Heyndrickx, M. 2011. The Importance of Endospore-Forming Bacteria Originating from Soil
for Contamination of Industrial Food Processing. Appl. Environ. Soil Sci..

20
doi:10.1155/2011/561975.
Hinton, A.R., K.T. Trinh, J.D. Brooks, and G.J. Manderson. 2002. Thermophile survival in
milk fouling and on stainless steel during cleaning. Food Bioprod. Process. Trans.
Inst. Chem. Eng. Part C. doi:10.1205/096030802321154817.
Hull, R. 1992. Thermoduric bacteria: a re-emerging problem in cheesemaking. Aust. J. Dairy
Tech. 47:91–95.
Jayasena, D.D., H.J. Kim, H.I. Yong, S. Park, K. Kim, W. Choe, and C. Jo. 2015. Flexible
thin-layer dielectric barrier discharge plasma treatment of pork butt and beef loin:
Effects on pathogen inactivation and meat-quality attributes. Food Microbiol..
doi:10.1016/j.fm.2014.07.009.
Johnston, D.W., and J. Bruce. 1982. Incidence of thermoduric psychrotrophs in milk
produced in the west of Scotland. J. Appl. Bacteriol. 52:333–337.
Klämpfl, T.G., G. Isbary, T. Shimizu, Y.-F. Li, J.L. Zimmermann, W. Stolz, J. Schlegel, G.E.
Morfill, and H.-U. Schmidt. 2012. Cold atmospheric air plasma sterilization against
spores and other microorganisms of clinical interest. Appl. Environ. Microbiol.
78:5077–5082.
Lacombe, A., B.A. Niemira, J.B. Gurtler, X. Fan, J. Sites, G. Boyd, and H. Chen. 2015.
Atmospheric cold plasma inactivation of aerobic microorganisms on blueberries and
effects on quality attributes. Food Microbiol.. doi:10.1016/j.fm.2014.09.010.
De Jonghe, V., A. Coorevits, J. De Block, E. Van Coillie, K. Grijspeerdt, L. Herman, P. De
Vos, and M. Heyndrickx. 2010. Toxinogenic and spoilage potential of aerobic sporeformers isolated from raw milk. Int. J. Food Microbiol. 136:318–325.
Kent, D.J., K. Chauhan, K.J. Boor, M. Wiedmann, and N.H. Martin. 2016. Spore test
parameters matter: Mesophilic and thermophilic spore counts detected in raw milk

21
and dairy powders differ significantly by test method. J. Dairy Sci. 99:5180–5191.
Lado, B.H., and A.E. Yousef. 2002. Alternative food-preservation technologies: efficacy and
mechanisms. Microbes Infect. 4:433–440.
Magnusson, M., A. Christiansson, and B. Svensson. 2007. Bacillus cereus Spores During
Housing of Dairy Cows: Factors Affecting Contamination of Raw Milk. J. Dairy Sci..
doi:10.3168/jds.2006-754.
Mansour, M., D. Amri, A. Bouttefroy, M. Linder, and J.B. Milliere. 1999. Inhibition of
Bacillus licheniformis spore growth in milk by nisin, monolaurin, and pH
combinations. J. Appl. Microbiol. 86:311–324.
Mansour, M., and J.B. Millière. 2001. An inhibitory synergistic effect of a nisin-monolaurin
combination on Bacillus sp. vegetative cells in milk. Food Microbiol..
doi:10.1006/fmic.2000.0379.
Martinez, B.A., J. Stratton, and A. Bianchini. 2017. Isolation and genetic identification of
spore-forming bacteria associated with concentrated-milk processing in Nebraska. J.
Dairy Sci.. doi:10.3168/jds.2016-11660.
Miller, R. A., D. J. Kent, M. J. Watterson, K. J. Boor, N. H. Martin, and M. Wiedmann. 2015.
Spore populations among bulk tank raw milk and dairy powders are significantly
different. Journal of Dairy Science 98(12):8492-8504.
Murphy, P.M., D. Lynch, and P.M. Kelly. 1999. Growth of thermophilic spore forming bacilli
in milk during the manufacture of low heat powders. Int. J. Dairy Technol. 52:45–50.
Pankaj, S.K., Z. Wan, W. Colonna, and K.M. Keener. 2017. Effect of high voltage
atmospheric cold plasma on white grape juice quality. J. Sci. Food Agric..
doi:10.1002/jsfa.8268.
Patrick, P.S., and H.E. Swaisgood. 1976. Sulfhydryl and Disulfide Groups in Skim Milk as

22
Affected by Direct Ultra-High-Temperature Heating and Subsequent Storage1. J.
Dairy Sci. 59:594–600.
Pothakamury, U.R., G. V Barbosa-Cánovas, B.G. Swanson, and K.D. Spence. 1997.
Ultrastructural changes in Staphylococcus aureus treated with pulsed electric
fields/Cambios ultraestructurales en Staphylococcus aureus sometida a campos
eléctricos pulsantes. Food Sci. Technol. Int. 3:113–121.
Putri, T.P. 2017. Understanding Thermophiic Spore-forming Bacteria in Milk Powders.
Ramazzina, I., S. Tappi, P. Rocculi, G. Sacchetti, A. Berardinelli, A. Marseglia, and F. Rizzi.
2016. Effect of Cold Plasma Treatment on the Functional Properties of Fresh-Cut
Apples. J. Agric. Food Chem.. doi:10.1021/acs.jafc.6b02730.
Reddy, N.R., H.M. Solomon, G.A. Fingerhut, E.J. Rhodehamel, V.M. Balasubramaniam, and
S. Palaniappan. 1999. Inactivation of Clostridium botulinum type E spores by high
pressure processing. J. Food Saf. 19:277–288.
Rodríguez, Ó., W.F. Gomes, S. Rodrigues, and F.A.N. Fernandes. 2017. Effect of indirect
cold plasma treatment on cashew apple juice (Anacardium occidentale L.). LWT Food Sci. Technol.. doi:10.1016/j.lwt.2017.06.010.96:263–272.
Ronimus, R.S., A. Rueckert, and H.W. Morgan. 2006. Survival of thermophilic sporeforming bacteria in a 90+year old milk powder from Ernest Shackelton’s Cape Royds
Hut in Antarctica. J. Dairy Res.. doi:10.1017/S0022029906001749.
Rückert, A., R.S. Ronimus, and H.W. Morgan. 2004. A RAPD-based survey of thermophilic
bacilli in milk powders from different countries. Int. J. Food Microbiol. 96:263–272.
RYSSTAD, G. and J. KOLSTAD. 2006. Extended shelf life milk—advances in technology.
Saboyainsta, L. and J.-L. Maubois. 2000. Current developments of microfiltration technology
in the dairy industry. Lait 80:541-553.

23
Sarangapani, C., G. O’Toole, P.J. Cullen, and P. Bourke. 2017. Atmospheric cold plasma
dissipation efficiency of agrochemicals on blueberries. Innov. Food Sci. Emerg.
Technol.. doi:10.1016/j.ifset.2017.02.012.
Scheldeman, P., A. Pil, L. Herman, P. De Vos, and M. Heyndrickx. 2005. Incidence and
diversity of potentially highly heat-resistant spores isolated at dairy farms. Appl.
Environ. Microbiol.. doi:10.1128/AEM.71.3.1480-1494.2005.
Schwarzenbach, R., and B.M. Hill. 1999. Do bacterial spores in milk powders survive UHT
processing? Page in 3. International Symposium on recombined milk and milk
products, Penang (Malaysia), 23-26 May 1999. International Dairy Federation.
Scott, S.A., J.D. Brooks, J. Rakonjac, K.M.R. Walker, and S.H. Flint. 2007. The formation
of thermophilic spores during the manufacture of whole milk powder. Int. J. dairy
Technol. 60:109–117.
Segat, A., N.N. Misra, P.J. Cullen, and N. Innocente. 2016. Effect of atmospheric pressure
cold plasma (ACP) on activity and structure of alkaline phosphatase. Food Bioprod.
Process.. doi:10.1016/j.fbp.2016.01.010.
Shehata, A.E., M.N.I. Magdoub, N.E. Sultan, and Y.A. El-Samragy. 1983. Aerobic
mesophilic and psychrotrophic sporeforming bacteria in buffalo milk. J. Dairy Sci.
66:1228–1231.
Shipe, W.F., R. Bassette, D.D. Deane, W.L. Dunkley, E.G. Hammond, W.J. Harper, D.H.
Kleyn, M.E. Morgan, J.H. Nelson, and R.A. Scanlan. 1978. Off Flavors of Milk:
Nomenclature, Standards, and Bibliography1. J. Dairy Sci. 61:855–869.
Siemer, C., S. Toepfl, and V. Heinz. 2014. Inactivation of Bacillus subtilis spores by pulsed
electric fields (PEF) in combination with thermal energy II. Modeling thermal
inactivation of B. subtilis spores during PEF processing in combination with thermal

24
energy. Food Control 39:244–250.
Silva, F.V.M. 2015. High pressure processing of milk: Modeling the inactivation of
psychrotrophic Bacillus cereus spores at 38–70° C. J. Food Eng. 165:141–148.
Singh, H., and L.K. Creamer. 1991. Denaturation, aggregation and heat stability of milk
protein during the manufacture of skim milk powder. J. Dairy Res. 58:269–283.
doi:DOI: 10.1017/S002202990002985X.
Spilimbergo, S., F. Dehghani, A. Bertucco, and N.R. Foster. 2003. Inactivation of bacteria
and spores by pulse electric field and high pressure CO2 at low temperature.
Biotechnol. Bioeng. 82:118–125.
Smits, P., and J.H. Van Brouwershaven. 1980. Heat-induced association of β-lactoglobulin
and casein micelles. J. Dairy Res.. doi:10.1017/S0022029900021208.
Sutherland, A.D., and R. Murdoch. 1994. Seasonal occurrence of psychrotrophic Bacillus
species in raw milk, and studies on the interactions with mesophilic Bacillus sp.. Int.
J. Food Microbiol. 21:279–292.
Te Giffel, M. 1997. Isolation, Identification and Characterization of Bacillus Cereus from the
Dairy Environment. Te Giffel.
Ternström, A., A. Lindberg, and G. Molin. 1993. Classification of the spoilage flora of raw
and pasteurized bovine milk, with special reference to Pseudomonas and Bacillus. J.
Appl. Bacteriol. 75:25–34.
Tomasula, P.M., S. Mukhopadhyay, N. Datta, A. Porto-Fett, J.E. Call, J.B. Luchansky, J.
Renye, and M. Tunick. 2011. Pilot-scale crossflow-microfiltration and pasteurization
to remove spores of Bacillus anthracis (Sterne) from milk. J. Dairy Sci. 94:4277–
4291.
Vissers, M.M.M., F. Driehuis, M.C. Te Giffel, P. De Jong, and J.M.G. Lankveld. 2007.

25
Concentrations of Butyric Acid Bacteria Spores in Silage and Relationships with
Aerobic Deterioration. J. Dairy Sci.. doi:10.3168/jds.S0022-0302(07)71576-X.
Warnecke, F. 2001. The ecology of thermophilic bacilli of milk powder processing plants.
Watterson, M.J., D.J. Kent, K.J. Boor, M. Wiedmann, and N.H. Martin. 2014. Evaluation of
dairy powder products implicates thermophilic sporeformers as the primary
organisms of interest. J. Dairy Sci. 97:2487–2497.
Westhoff, D.C., and S.L. Dougherty. 1981. Characterization of Bacillus species isolated from
spoiled ultrahigh temperature processed milk. J. Dairy Sci. 64:572–580.
Zabbia, A., E.M. Buys, and H.L. de Kock. 2012. Undesirable Sulphur and carbonyl flavor
compounds

in

UHT

milk:

A

review.

Crit.

Rev.

Food

Sci.

Nutr..

doi:10.1080/10408398.2010.487166.
Zhang, W., and Z. Lu. 2015. Phylogenomic evaluation of members above the species level
within the phylum Firmicutes based on conserved proteins. Environ. Microbiol. Rep..
doi:10.1111/1758-2229.12241.

26
CHAPTER 2
EFFECTIVENESS OF HYDRODYNAMIC CAVITATION IN REDUCING
SPOREFORMERS AND SPORES IN SKIM MILK AND MANUFACTURING SKIM
MILK POWDER

ABSTRACT
Sporeforming bacteria have the ability to survive pasteurization and produce
thermally resistant endospores which detriment the product quality. Previous studies
conducted in our lab have revealed the effectiveness of cavitation in inactivating these
bacteria and their endospores via two different cavitation techniques that are
ultrasonication and hydrodynamic cavitation. Cavitation was observed to cause cell
injury to endospores, making them lose their thermal resistance and more susceptible to
thermal treatments. In the current study, we investigated the effect of hydrodynamic
cavitation in line with HTST pasteurization for inactivating sporeforming bacteria and
their endospores for processing skim milk and manufacturing skim milk powder. Single
and multiple cavitation passes at 3600 rpm rotor speed in combination with HTST
pasteurization were tested at a flow rate of 100 and 200 L/h to inactivate endospores and
vegetative cells of common dairy sporeformer strains of Bacillus licheniformis, Bacillus
coagulans, and Geobacillus stearothermophilus. The vegetative cells of bacteria were
inactivated by a single pass of cavitation in-line to HTST pasteurization while at least
double cavitation passes in-line to HTST pasteurization were required to inactivate
endospores in fluid milk and for further processing to manufacture low spore skim milk
powder. 2C1P effectively (P<0.05) reduced endospores by 85.03% (from initial loads of
1.69 ± 0.12 Log spore/mL to 0.85 ± 0.19 Log spore/mL) in case of B. licheniformis,
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47.66% (from initial mean loads of 1.51 ± 0.03 Log spore/mL to 1.22 ± 0.10 Log
spore/mL) in case of G. stearothermophilus and 76.04% (from initial mean loads of 2.13
± 0.06 Log spore/mL to 1.52 ± 0.06 Log spore/mL) in B. coagulans. 3C1P were most
effective (P<0.05) in reducing 92.41% (from initial loads of 1.69 ± 0.12 Log spore/mL to
0.57 ± 0.14 Log spore/mL) endospores of B. licheniformis, 91.58 % (from initial mean
loads of 1.51 ± 0.03 Log spore/mL to 0.42 ± 0.15 Log spore/mL) endospores of G.
stearothermophilus and 63.52% (from initial mean loads of 2.13 ± 0.06 Log spore/mL to
1.70 ± 0.05 Log spore/mL) endospores of B. coagulans. 2C1P was chosen as the
preferable manufacturing step in skim milk powder production due to its feasibility over
3C1P. The final endospore count in skim milk powder after cavitation were comparable
to the counts in skim milk powder obtained through regular methods.
Key words: Hydrodynamic cavitation, Sporeformers, 2C1P.
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INTRODUCTION
Aerobic sporeforming bacteria are known to be an important concern for the dairy
industry. They are ubiquitous in nature and present throughout raw milk, along the
processing domain and the final products (Kalogridou-Vassiliadou, 1992, Scheldeman et
al., 2006). The growing concern is that these bacteria are capable of surviving
pasteurization and subsequently germinate to endospores. The endospores can adhere on
the surfaces of processing equipment leading to the formation of biofilms (Palmer et al.,
2007). The endospores are formed as a defense mechanism to unfavorable environmental
conditions, which would hinder growth/existence in the vegetative state and are resistant
to most agents that would normally kill the vegetative cells they are formed from.
Geobacillus stearothermophilus, a known obligate thermophile has the capability
to grow in regenerative sections of heat exchangers and in the evaporators where the
temperature of operation between 45 to 75 ºC is ideal for its growth. Bacillus
licheniformis and Bacillus coagulans are facultative thermophiles and can grow at
mesophilic as well as thermophilic temperatures, depending upon the strain. The growth
of vegetative cells of these bacteria, survival and germination of their endospores during
operations involving temperatures up to 70 ºC can add a high load of these bacteria into
the final products and cause spoilage e.g. flat sour spoilage in evaporated milk
(Kalogridou-Vassiliadou, 1992).
Bacillus licheniformis is reported to be one of the most prevalent species of
sporeforming bacteria in the US dairy environment (Buehner et al., 2015, Miller et al.,
2015). The organism can produce spoilage causing enzymes having substantial
proteolytic activity, have the ability to ferment lactose, utilize citrate starch and casein
and reduce nitrate to nitrite (De Jonghe et al., 2010). It is also reported to produce
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hazardous toxins (Beattie and Williams, 1999, Pedersen et al., 2002) and health
detrimental biogenic amines (ZaMaN et al., 2010). It was identified as one of the most
prevalent thermophilic bacteria in Chinese milk powders accounting to 27.8% of 801
isolates and appearing in eighteen of twenty-two milk powders (Yuan et al., 2012).
Ruckert et al., (2004) found that B. licheniformis represented 37.7% of the 742 isolates of
thermophilic sporeforming bacteria in milk powders from 18 different countries. The
spores can produce enzymes that affect the organoleptic and compositional characteristics
of powders (Chen et al., 2003). In a study conducted to characterize aerobic sporeforming
bacteria associated with industrial dairy processing and product spoilage G.
stearothermophilus and B. licheniformis were found to be dominant thermoresistant
(spore survival at 100 ºC for 20 min) spore forming strains accounting 17% and 11%
respectively out of the 126 different strains tested (Lücking et al., 2013). G.
stearothermophilus is commonly encountered in whole and skim milk powders across the
world (Ruckert et al., 2004) accounting for 10.8% of 742 isolates tested in milk powders
produced in USA, Mexico, Australia, New Zealand, Great Britain, Germany,
Netherlands, Poland, Chile and South Africa. It has been frequently identified in dairy
biofilms (Flint et al., 1997, Scott et al., 2007, Burgess et al., 2010). In a survey conducted
in a New Zealand whole milk powder manufacturing plant it was reported that the
Geobacillus sp. is capable of colonizing all stages (pre heater, evaporator, surface heater,
homogenizer and vibrofluidiser) of whole milk powder manufacturing process (Scott et
al., 2007). Bacillus coagulans, although being associated with acid defects broadly in the
food and dairy industry, is still found in dairy powders in small amounts (Ruckert et al.,
2004). NDM/SMP are used as raw ingredients in a variety of products like infant
formulae, ice creams, yoghurts, bakery, confectionary, etc., all these foods provide
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perfect nutrients for the bacteria to proliferate and cause contamination therefore, it is
important to control them at initial stages of processing.
The United States produces and exports a large variety of dairy products like
cheese, SMP/NDM, whey products and lactose globally and has the potential to grow in
the coming years. The current global export of Skim milk powder/nonfat dry milk
(SMP/NDM) from the U.S. is 67,154 tons (aggregate volume as of March 2018), which is
38% more from March 2017 (U.S. Dairy Export Council-Global Dairy market Outlook).
The microbial quality of products has however; sometimes lead the U.S. to face
challenges in recent years from the South East Asian market regarding inconsistencies.
There has been a lag in export of SMP/NDM to major Asian markets such as the
Philippines, Indonesia and Vietnam. The importing markets are looking for high
specification dairy ingredients that meet their needs, especially low-spore powders. U.S.
milk powder producers are investing in world-class technologies, upgrading processes
and facilities to meet and exceed the consumer specifications for milk powders.
Some novel technologies and approaches have found application in dealing with high
heat resistant sporeforming bacteria to improve the existing quality issues. Studies
regarding ultrasonication, hydrodynamic cavitation and modified contact surfaces have
been done in our lab (Khanal et al., 2014; Bawa, 2016; Jindal et al., 2018). Khanal et al.,
(2014) studied the effect of ultrasonication on endospores of common dairy sporeformers
including B. licheniformis, B. coagulans and G. stearothermophilus in skim milk. The
cavitation effect induced due to formation and collapse of bubbles in the skim milk
damages the endospores thereby, reducing their resistance to thermal treatments. The
author reported a 65.74% endospore inactivation of G. stearothermophilus when
ultrasonication was combined with LTLT pasteurization (conducted in the lab). Bawa
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(2016) reported a higher efficiency in inactivation of endospores in skim milk by
inducing direct hydrodynamic cavitation, 97.59% reduction in endospores of B.
licheniformis in skim milk was observed when subjected to 6-passes of hydrodynamic
cavitation followed by a heat treatment of 85 °C for 15 min (in the lab using a shaking
water bath). The 6-pass effect was achieved by recirculating the product for 18 min
through the cavitator. Ultrasonication and hydrodynamic cavitation are thus two different
means of generating cavitation i.e. using sound waves and flow energies respectively.
Jindal et al., (2018) demonstrated that modified steel surfaces like Ni-Ppolytetrafluoroethylene (PTFE) resisted bacterial adhesion as compared to native
stainless steel and can be used in equipment such as plate heat exchangers, evaporators
and dryers, which would lessen fouling during processing and lead to lower bacterial
counts in the final product. Microfiltration is another technology that can effectively
remove certain microorganisms from skim milk (Saboyainsta and Maubois, 2000, Elwell
and Barbano, 2006) commonly using ceramic membranes of pore size of diameters 0.81.4 mm (Rysstad and Kolstad, 2006). One setback to this technology is the overlap of
particle size of spores with those of micellar casein, which needs to pass through the
membrane in order to retain milk composition.
The current study aims at utilizing the combined effect of hydrodynamic
cavitation and HTST pasteurization in inactivating endospores in skim milk and
manufacturing low spore SMP. The hypothesis is that the shockwaves generated due to
formation and collapse of bubbles in the liquid medium would damage the endospore
coat, which can potentially lead to the release of dipicolinic acid (Reineke et al., 2013), a
chemical compound implicated to be responsible for thermal resistance of the endospore.
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Once the thermal resistance is compromised, the endospores can easily be inactivated by
HTST pasteurization.

MATERIALS AND METHODS
Sourcing and propagation of bacterial cultures
Freeze-dried bacterial cultures of Bacillus coagulans (ATCC 12245), Bacillus
licheniformis (ATCC 6634) and Geobacillus stearothermophilus (ATCC 15952) were
sourced from the American Type Culture Collection. The strains were grown in Tryptic
Soy Broth (TSB BD DifcoTM) by incubating at their respective growth temperatures
(Table 1) for about 12 h to obtain ~8 Log CFU/mL of bacteria. The cultures were
transferred to fresh sterile broth tubes and grown twice before being pelleted out using a
centrifuge (Beckman Coulter Avanti J-E centrifuge) at 4500 x g for 30 min at 4 ºC.
Following centrifugation, the supernatant was discarded, and the pellets were washed
using phosphate buffer saline (PBS) at pH 7.4. The centrifugation and washing steps
were repeated thrice, and the pellets were finally preserved in 1.8 mL cryogenic vials
containing beads and glycerol (CRYOBANK TM_ Copan diagnostic Inc., CA USA) by
storing at -80 ºC in a deep freezer (NuAire ultraflow freezer) for future use. Protocol
followed was suggested by Perry (1995).
Preparation of endospores
One mL of actively growing broth culture of the individual strains (identified
above) were spread plated on BHI agar plates (150mm OD X 15mm high). The plates
were incubated at their particular optimum growth temperatures (Table 1) for 10 days.
Spore staining (Hamouda et al., 2002) was carried out during the incubation period to
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observe the extent of sporulation. When at least 90% sporulation was observed, the
endospores were harvested as per the method suggested by Wang et al., (2009). Five mL
of sterile PBS at pH 7.4 was spread on the plates to allow the growth to soak for 2-3 min.
The soaked growth on the plates were scraped off using sterile spreaders and collected in
50 mL sterile centrifuge tubes. The tubes were centrifuged (Beckman Coulter Avanti J-E
centrifuge) at 4500 x g for 30 min at 4 °C, and the supernatant was discarded. The pellets
were washed thrice with sterile PBS and centrifuged. The final washed pellets were
suspended in 20 mL sterile PBS and heated treated to eliminate vegetative cells, B.
licheniformis and B. coagulans were heat treated at 80 °C for 12 min in a hot water bath
while G. stearothermophilus was heat treated at 100 °C for 30 min in a hot oil bath. The
spore suspensions were stored at -80 °C in a deep freezer (NuAire ultraflow freezer) until
further use.
Standardization of endospore inoculation levels for challenge studies
To determine the levels of inoculation, the prepared endospores were heat treated
at 80 °C for 12 min (for B. licheniformis and B. coagulans) and 100 °C for 30 min (for G.
stearothermophilus) (Scheldeman et al., 2005; Kent et al., 2016) and 1 mL of each spore
suspension was inoculated in 9 mL of sterile PBS individually at pH 7.4. Dilutions were
made using PBS and 10-5 to 10-10 dilutions were pour plated using BHI agar. The plates
with individual organisms were incubated at their respective growth temperatures for 2448 h depending upon the time for the colonies to show up for individual strains. The level
of spores in the suspension was calculated using equation 1.1 given in the “Enumeration
of viable cells” section, the level of inoculation was determined accordingly.
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Screening of vegetative cells for their thermal tolerance using a pilot scale HTST
pasteurizer
Inoculation: Ten L batches of skim milk were sterilized using an autoclave
(Primus Sterilizer Co.) at 121 °C for 15 min. The sterile skim milk was stored in a
cooling room at 5 ± 1 °C in Davis Dairy Plant for not more than 48 h before experimental
trials. Overnight grown bacterial suspensions (in Tryptic soy broth) of individual cultures
(as listed above) were inoculated into the milk to achieve ~4-5 log CFU/mL. The
inoculated milk was mixed well using a sanitized plunger to ensure even distribution of
the cells throughout the volume.
Thermal treatment: The inoculated milk was subjected to HTST pasteurization
using a plate heat exchanger and a holding tube for 73 °C for 15 s at a flow rate of 100
L/h (Figure 1b). The samples consisting of inoculated and pasteurized milk were
collected aseptically (by exposing the sampling ports to a liquid sanitizer MANDATE
(Ecolab Ò)) in 15 mL sterile centrifuge tubes and stored in an ice bucket until further use.
All trials were conducted twice, and samples were drawn in triplicates. The trials were
conducted to determine the thermal tolerance of all the three cultures (Bacillus coagulans
(ATCC 12245), Bacillus licheniformis (ATCC 6634) and Geobacillus
stearothermophilus (ATCC 15952)) individually.
The viable vegetative cells of the surviving bacteria in the milk samples were
enumerated by the pour plate method using Tryptic Soy Agar (TSA). The above collected
samples were diluted using sterile PBS at pH 7.4. One mL of undiluted sample and
diluted samples (consecutive dilutions) were pipetted into sterile petri plates to which
sterile (molten cooled agar maintained at about 50 °C) TSA agar was poured over. The
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plates were mixed well and solidified at room temperature followed by incubation at their
respective growth temperatures for 24- 48 h (Table 1). Colony forming units per mL were
calculated according to equation 1.1 (Wehr and Frank, 2004) in the “Enumeration of
viable cells” section mentioned below.
Challenge studies on thermally resistant vegetative cells of sporeforming bacteria using
pilot scale in-line cavitation and pasteurization
Inoculation: Ten L batches of skim milk were sterilized using an autoclave
(Primus Sterilizer Co.) at 121 °C for 15 min. The sterile skim milk was stored in a
cooling room at 5 ± 1 °C in Davis Dairy Plant for not more than 48 h before experimental
trials. Overnight grown bacterial suspension (in Tryptic soy broth) of B. coagulans
(ATCC 12245) (thermally resistant specie) was inoculated into the milk to achieve ~4-5
log CFU/mL. The inoculated milk was mixed well using a sanitized plunger to ensure
even distribution of the cells throughout the volume.
Cavitation: The cavitation and HTST pasteurization were carried on in a single
pass continuously at a flow rate of 200 L/h, 3600 rpm cavitator rotor speed and 55 Hz
feed pump frequency. Figure 5 depicts the in-line process and setup. The product was fed
in through a feed tank connected with a positive displacement pump that helped the
product flow through the system, and the flow was adjusted with a flow regulator valve.
After the feed tank, the cavitator (APV cavitator SPX, Denmark), HTST pasteurizer
system consisting of a plate heat exchanger, adjustable holding tube and a cooling system
are in-line. The adjustable holding tube facilitates different holding times according to
length and a fixed diameter. There are sampling ports and temperature measuring probes
before and after the cavitator, after the plate heat exchanger and holding tube unit and
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after the cooling system. The samples consisting of inoculated and in-line processed milk
were collected aseptically by exposing the sampling ports to a liquid sanitizer
MANDATE (Ecolab Ò).
Thermal treatment: To understand the effect of an established and commonly used
process like HTST pasteurization, and to compare it with the combined effect of in-line
cavitation with HTST pasteurization the inoculated milk was solely thermally treated as
well. The inoculated milk was subjected to HTST pasteurization using a plate heat
exchanger and a holding tube for 73 °C for 15 s at a flow rate of 100 L/h. The inoculated
milk was fed into the feed tank from where it passed through the plate heat exchanger set
at 73 °C. The pasteurized milk was then passed through a cooling system consisting of a
cooling tube placed in an ice bucket to terminate the thermal effect. The samples were
finally collected aseptically (by exposing the sampling ports to a liquid sanitizer
MANDATE (Ecolab Ò)) in 15 mL sterile centrifuge tubes and stored in an ice bucket
until further use. The samples were collected in triplicates and the experiments were
repeated twice.
The viable vegetative cells of the surviving bacteria in the milk samples were
enumerated by the pour plate method using Tryptic Soy Agar (TSA). The above collected
samples were diluted using sterile PBS at pH 7.4. One mL of undiluted sample and
diluted samples (consecutive dilutions) were pipetted into sterile petri plates to which
sterile (molten cooled agar maintained at about 50 °C) TSA agar was poured over. The
plates were mixed well and solidified at room temperature followed by incubation at 37
°C for 24 h (Table 1). Colony forming units per mL were calculated according to
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equation 1.1 (Wehr and Frank, 2004) in the “Enumeration of viable cells” section
mentioned below.
Challenge studies on thermally resistant endospores of sporeforming bacteria using pilot
scale in-line cavitation and pasteurization
Inoculation: Ten L batches of skim milk were sterilized using an autoclave
(Primus Sterilizer Co.) at 121 °C for 15 min and stored in a cooling room at 5 ± 1 °C in
Davis Dairy Plant for not more than 48 h before experimental trials. The sterile skim milk
samples were inoculated with endospores of B. licheniformis, B. coagulans, G.
stearothermophilus at ~1-2 Log spores/mL individually for separate trials. The endospore
suspensions were heat treated (B. licheniformis and B. coagulans at 80 °C for 12 min in a
hot water bath while G. stearothermophilus was heat treated at 100 °C for 30 min in a hot
oil bath) before the trials to eliminate any possible vegetative cells and subsequent
dilutions using PBS (at pH 7.4) were made, which were further used to inoculate into the
milk to achieve the desired level of inoculation. The inoculated milk was mixed well
using a sanitized plunger to ensure even distribution of the cells throughout the volume.
Cavitation: The skim milk inoculated with endospores was subjected to the in-line
cavitation process using an APV cavitator (SPX, Denmark) at 55 Hz feed pump
frequency, 3600 rpm cavitator rotor speed, 100 L/h process flow rate followed by HTST
pasteurization at 73 °C for 15 s using a Plate Heat Exchanger (PHE). The process setup is
shown in Figure 5. Three different designs were followed to have different levels of
cavitation effects. Design 1 was 1C1P (single pass cavitation + single pass HTST
pasteurization), design 2 was 2C1P (double pass cavitation + single pass HTST
pasteurization) and design 3 was 3C1P (triple pass cavitation + single pass HTST
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pasteurization). According to the different designs, the inoculated milk was fed into the
feed pump, cavitated (once, twice or thrice) before being HTST pasteurized, and cooled
in the in-line setup. For multiple cavitation passes, the milk was collected into sanitized
cans (sanitized with liquid sanitizer MANDATE (Ecolab Ò)) before being fed into the
feed pump again for another round of cavitation and finally being pasteurized. The
inoculated and processed samples were collected in sterile 15 mL centrifuge tubes and
immersed in ice buckets until further analysis. The samples were collected in triplicates
for further analysis.
Thermal treatment: To understand the effect of an established and commonly used
process like HTST pasteurization, and to compare it with the combined effect of in-line
cavitation with HTST pasteurization the inoculated milk was solely thermally treated as
well. The inoculated milk was subjected to HTST pasteurization using a plate heat
exchanger and a holding tube for 73 °C for 15 s at a flow rate of 100 L/h. The inoculated
milk was fed into the feed tank from where it passed through the plate heat exchanger set
at 73 °C (Figure 5). The pasteurized milk was then passed through a cooling system
consisting of a cooling tube placed in an ice bucket to terminate the thermal effect. The
samples were finally collected aseptically (by exposing the sampling ports to a liquid
sanitizer MANDATE (Ecolab Ò)) in 15 mL sterile centrifuge tubes and stored in an ice
bucket until further use. The samples were collected in triplicates for further analysis.
The viable endospore cells of the surviving bacteria in the milk samples were
enumerated by the pour plate method using BHI agar. The above collected samples were
diluted using sterile PBS at pH 7.4. One mL of undiluted sample and diluted samples
(consecutive dilutions) were pipetted into sterile petri plates to which sterile (molten
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cooled agar maintained at about 50 °C) BHI agar was poured over. The plates were
mixed well and solidified at room temperature followed by incubation at their respective
growth temperatures for 24 - 48 h (Table 1). Colony forming units per mL were
calculated according to equation 1.1 (Wehr and Frank, 2004) in the “Enumeration of
viable cells” section mentioned below.
Manufacture of Skim Milk Powder using hydrodynamic cavitation as a part of the
process
Twenty L of raw skimmed milk was inoculated with a combination of endospores
and vegetative cells (in 1:3 proportion) of B. licheniformis (ATCC 6634) at a level of
1.94 ± 0.11 Log CFU/mL and 3.73 ± 0.07 Log spores/mL, respectively. Ten L of this
inoculated milk was cavitated twice at 3600 rpm cavitator rotor speed and HTST
pasteurized at 100 L/h flow rate followed by evaporation at a temperature of 70 ± 2 °C
(Rotatory evaporator, Heidolph Instruments GmBH & CO.) to a concentration of 40 to 42
per cent total solids and spray dried using a Niro dryer (Niro Atomizer, Copenhagen,
Denmark) at an inlet temperature of 195 °C and an outlet temperature 95 °C, feed flow
rate 7.2 L/h and the pre heated air flow rate 187 L/h. The powder was immediately
collected in sterile plastic bags and stored at room temperature until further analysis.
A separate batch of skim milk powder was manufactured without the
hydrodynamic cavitation step in the manufacturing process to draw a comparison
between cavitated skim milk powder and regular skim milk powder. The remaining 10 L
of inoculated milk was HTST pasteurized at 100 L/h flow rate followed by evaporation at
a temperature of 70 ± 2 °C (Rotatory evaporator, Heidolph Instruments GmBH & CO.)
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to a concentration of 40 to 42 per cent total solids and spray dried using a Niro dryer at an
inlet temperature of 195 °C and an outlet temperature 95 °C, feed flow rate 7.2 L/h and
the pre heated air flow rate 187 L/h. The powder was immediately collected in sterile
plastic bags and stored at room temperature until further analysis.
Analysis of skim milk powder
The microbial analysis of the skim milk powders was done by enumeration of
viable cells. The sample was prepared by weighing 11g of the powder samples and
dissolved in 99 mL of sterile PBS at pH 7.4. Further dilutions were made using PBS. The
samples were pour plated using BHI agar for total plate counts. For standard spore
counts, the dissolved samples were heat treated at 80 °C for 12 min and cooled in an ice
bath before being pour plated using BHI agar. The plates were incubated at the respective
growth temperature of 30 °C for 24-48 h and the colony forming units per mL were
calculated using equation 1.1 (Wehr and Frank, 2004) in the “Enumeration of viable
cells” section mentioned below.
Enumeration of viable cells
Viable cells in samples were enumerated by the pour plate method using Tryptic
Soy Agar (TSA) for vegetative cells and Brain Heart infusion agar (BHI) for endospores.
The samples were diluted using sterile PBS at pH 7.4. The plates were incubated at
respective growth temperatures for 24-48 h. Colony forming units per mL were
calculated according to equation 1.1 mentioned below (Wehr and Frank, 2004):
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Where,
N = Number of colonies per milliliter of the product
SC = Sum of all colonies on all the plates counted
n1= Number of plates in lower dilution counted
n2 = Number of plates in higher dilution counted
d = dilution level corresponding to n1
Protein analysis in powder samples
The protein content of reconstituted SMP samples for both batches was measured
using Kjeldahl method (Wehr and Frank, 2004). The digestion was carried on by boiling
the sample with concentrated sulfuric acid with the addition of a catalyst until complete
dissolution and oxidation occurred. The distillation was done by adding an excess of
sodium hydroxide solution. The ammonia released was distilled and collected in a boric
acid solution. The ammonia was determined by titrating with a volumetric acid solution
of sulfuric acid at 0.1 N. The analysis was conducted in duplicates and the samples were
drawn from the composite batches of each kind of SMP.
Statistical Analysis:
Statistical analysis was done using SigmaPlot (Systat Software, Inc) where mean values,
n=3, 6 or 9 were compared using one-way ANOVA Tukey’s test with level of
significance at 0.001 and 0.05.
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RESULTS AND DISCUSSION
Effect of pasteurization on vegetative cells of sporeforming bacteria
HTST pasteurization (73 °C for 15 s) reduced the vegetative cells of B. coagulans
(ATCC 12245), B. licheniformis (ATCC 6634) and G. stearothermophilus (ATCC
15952) by 4.27 Log CFU/mL, 4.97 Log CFU/mL, and 2.86 Log CFU/mL from initial
bacterial (vegetative cells) loads of 5.43 ± 0.02, 5.24 ± 0.18 and 3.50 ± 0.37 Log
CFU/mL respectively (Table 2). In a previous study in our lab, Khanal et al., (2014)
reported a similar trend in inactivation of vegetative cells of thermoduric aerobic
sporeforming bacteria in skim milk by LTLT pasteurization, where a complete
inactivation (6 log reduction) of B. licheniformis and G. stearothermophilus was reported
as compared to B. coagulans, which survived and was reduced by merely 1.50 Logs from
an initial load of 6.26 Log CFU/mL. Bawa, (2016) reported a 1.32 Log reduction (from
an initial load of 5.20 Log CFU/mL) in vegetative cells of B. coagulans in skim milk
when subjected to LTLT pasteurization. Pasteurization has known to effectively work
against the vegetative cells of most of the sporeforming bacteria but, the survivors
persisted due to their thermoduric nature.
Effect of cavitation, combined with pasteurization, on vegetative cells of sporeforming
bacteria
To understand the effect of cavitation through an in-line process vegetative cells
of B. coagulans (ATCC 12245) were subjected to a single pass cavitation (3600 rpm
cavitator rotor speed) and HTST pasteurization in-line at a flow rate of 200 L/h. The flow
rate was increased keeping in mind the concept of residence time. A higher flow rate
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would have lesser resident time for bacterial cells in the cavitation zone and hence a
lesser impact of cavitation on the cells. However, our proof of concept study didn’t have
the appropriate resources to evaluate this theory which can be done so with further
studies in the future with different organisms and different process conditions. The in-line
process had a significant (P<0.05) effect on the vegetative cells as compared to HTST
pasteurization alone, resulting in a 3.85 Log CFU/mL reduction (0.90 ± 0.04 Log
CFU/mL from an initial load of 4.75 ± 0.03 Log CFU/mL) (Table 3). Pasteurization
resulted in a 4.75 Log CFU/mL reduction (1.20 ± 0.07 Log CFU/mL from an initial load
of 4.75 ± 0.03 Log CFU/mL) (Table 3). Cavitation induced greater reduction by affecting
the cell walls of vegetative cells and allowing the heat due to pasteurization reach the
inner core of the cells inducing death. In similar studies conducted by Khanal et al,
(2014) on effect of cavitation to inactivate sporeforming bacteria in skim milk, vegetative
cells of A. flavithermus and B. coagulans were inactivated (~4 log reduction) when
subjected to 10 min of continuous ultrasonication (5000 W power, 20 kHz frequency and
80% (91.2 µm) amplitude) followed by LTLT pasteurization. Bawa, (2016) reported
similar findings, 16 min of continuous ultrasonication (83% amplitude equivalent to 12
single cavitation passes) resulted in a 92% reduction of vegetative cells of B. coagulans
whereas, a combination of 16 min of continuous ultrasonication and lab pasteurization
resulted in 99.98% reduction. Non-technological methods involving inhibition of
vegetative cells of B. coagulans using combined antimicrobial agents nisin and
monolaurin induced an immediate reduction of 3.3 Logs and further eliminated any
chances of sporulation (Mansour and Millière, 2001). The use of such antimicrobial
agents is generally regarded as safe but are popularly not encouraged or used in
developed nations where the consumer demand is for additive free, natural fresh like
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foods. In view of this, the alternative technologies such as cavitation can provide useful
solutions to control sporeformers, which without the addition of extra heat (that may
denature proteins) is still able to reduce spore former counts in a safe, efficient, and
economical way to maintain and enhance the quality of products.
Effect of cavitation, combined with pasteurization, on endospores of sporeforming
bacteria
The effect of HTST pasteurization and 1C1P on the endospores of B.
licheniformis (ATCC 6634) and B. coagulans (ATCC 12245) was found to be similar
(Figure 1 and 2) indicating, the ineffectiveness of a single pass of cavitation against
resistant spore cells. In case of G. stearothermophilus (ATCC 15952) 1C1P was the least
effective and also resulted in addition of cell counts in skim milk, possible reason could
be breaking of bacterial clumps due to cavitation. 3C1P was most effective in reducing
endospores of B. licheniformis and G. stearothermophilus resulting in 92.41% (from
initial loads of 1.69 ± 0.12 Log spore/mL to 0.57 ± 0.14 Log spore/mL) and 91.58%
(from initial mean loads of 1.51 ± 0.03 Log spore/mL to 0.42 ± 0.15 Log spore/mL)
reductions respectively. B. coagulans was most susceptible to 2C1P resulting in a 76.04%
(from initial mean loads of 2.13 ± 0.06 Log spore/mL to 1.52 ± 0.06 Log spore/mL)
reduction. 2C1P resulted in an 85.03% (from initial loads of 1.69 ± 0.12 Log spore/mL to
0.85 ± 0.19 Log spore/mL) reduction in B. licheniformis cells as well.
The trend from our study suggests that at least two cavitation passes (feasibility of
minimum processing steps) of 3600 rpm cavitator rotor speed, combined with
pasteurization, can result in significantly lower spores in skim milk, as compared to skim
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milk that is HTST pasteurized alone. Although there exists a resistance variability of
strains to particular cavitation and thermal treatments, this can be handled by conducting
further focused studies involving multiple cavitators in-line, cocktails of sporeforming
strains, higher flow rates and higher cavitator rotor speeds. These studies can help fine
tune and potentially scale up the process. The reduction of bacterial load at initial stages
of processing can result in less biofilm formation during further processing, less spoilage
related to spores, less loss of product and economics involved, and overall better product
quality and safety can be achieved.
In some other alternative technologies, Hayashi et al., (2013) reported a 3-log
reduction of B. thuringiensis endospores in pure water by a 20 min exposure to
atmospheric plasma. This procedure was equivalent to heat sterilization at 95 °C. Plasma
generation can be expensive and needs special equipment; the process can be difficult to
find an application in continuous processing of dairy products at industrial levels. In
another study, a 5-log reduction in endospores of B. sporothermodurans in skim was
achieved with a combined effect of hydrostatic pressure and heat at 495 MPa/49 °C for
30 min (Aouadhi et al., 2012). The drawback of this process is its elongated holding time.
A UV radiation dose of 23.72 J/mL reduced 2.25, 3.85 and 4.05 logs of B. coagulans, B.
licheniformis and G. stearothermophilus respectively (Gayan et al., 2013). Since, UV
radiation needs to be generated in contained environment and can have detrimental health
effects on people working with it, the technology cannot be very useful while
continuously processing fluid dairy products, however it can be used for batch processing
of dairy products. Ultra-high pressure homogenization (UHPH) at conditions 300 MPa
with inlet temperature 75 and 85 °C in a continuous mode at an 8 L/h flow rate has the
ability to sterilize milk by eliminating spores up to ~6 Logs (Amador Espejo et al., 2014).
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The heat generated due to high pressure homogenization at these particular conditions
was 135 ± 5 °C, such high heat can induce cooked flavors (Patrick and Swaisgood, 1976;
Shipe et al., 1978; Zabbia et al., 2012) in milk and cause protein denaturation (Smits and
Van Brouwershaven, 1980; Donato and Guyomarc’h, 2009) during further processing of
fluid milk. Although the heat generation was intense, the mechanism of inactivation was
shear stress, cavitation and/or high-speed impacts. To process fluid milk for consumption,
the FDA requires the terminal processing to be that from a heat treatment and UHPH
itself induces such high heat that adding additional heat would render off flavors and
colors thus, in our opinion, it would be feasible in an industrial setup to use UHT over
UHPH to nearly sterilize milk as UHT is a terminal heat treatment. Utilization of the
cavitation and shear forces derived from high pressure homogenization can be applied in
more efficient and useful ways.
In some previous studies, Milly et al., (2007) reported a 3.10 Log reduction in
endospores of B. coagulans in tomato juice and 2.84 Log reduction in endospores of C.
sporogenes in skim milk, by exposing them to continuous hydrodynamic cavitation at
3000 rpm until 104 ℃ and 116 ℃ temperatures were reached respectively. Studies
conducted in our lab helped us to establish the concept of cavitation through
ultrasonication or hydrodynamic cavitation through batch processes. Khanal et al. (2014)
reported the effect of cavitation via ultrasonication in reducing 48.96 ± 3.17 %
endospores of G. stearothermophilus at an 80% amplitude for 10 min. Bawa, (2016)
reported a 97.59% reduction in endospores of B. licheniformis in skim milk when
subjected to 6 pass (recirculating the product for 18 min) hydrodynamic cavitation effect
combined with a heat treatment of 85 °C for 15 min. Through the present investigation
we have been able to demonstrate the effectiveness of cavitation in-line with HTST
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pasteurization to inactivate sporeformers and spores to a substantial level. Such a process
that has been demonstrated at a pilot scale can potentially be scaled to be adapted within
large commercial processes however, further detailed studies need to be conducted.
Manufacture of low spore count skim milk powder using hydrodynamic cavitation as a
part of the process
To investigate the application and effectiveness of hydrodynamic cavitation in a
product manufacturing process to control sporeforming bacteria, skim milk powder was
manufactured using skim milk that was exposed to double cavitation passes prior to
pasteurization, evaporation and drying. By the end of drying process all the vegetative
cells were inactivated and only endospores survived. A 70.17% reduction in endospores
was observed (from initial levels of 1.94 ± 0.11 Log spores/mL in skim milk to 1.40 ±
0.17 Log spores/g) in skim milk powder when cavitation was used as a manufacturing
step as compared to regular methods which reduced about 58.98% (1.94 ± 0.11 Log
spores/mL in skim milk to 1.56 ± 0.07 Log spores/g in skim milk powder) spores (Figure
4). Spore counts in the range of 1.10 to 3.40 log CFU/g in skim milk powder have been
previously reported in the United States (Buehner et al., 2015; Kent et al., 2016). The
USDEC implements limits of 500 CFU/g and <1000 CFU/g for thermophilic and
mesophilic spores in milk powders destined for export. Our cavitated skim milk powder
had low spore counts of 1.40 ± 0.17 spores/g, indicating that if the process was fine-tuned
or repeated, we could potentially see or not a difference in counts, further studies need to
be conducted. A decline in vegetative cells as well as spores was observed after double
cavitation and pasteurization of fluid skim milk. This trend is comparable to our
challenge studies conducted using vegetative cells and endospores however, after the
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evaporation step an increase in log counts was observed which can be accounted to the
fact that a concentration effect is usually observed with the surviving thermoduric
bacteria in milk processing (Murphy et al., 1999, Scott et al., 2007). Spore counts in
evaporated milk in the range 1.69 to 2.27 Log CFU/mL were reported from a
concentrated skim milk plant in Nebraska (Martinez et al., 2017). Cavitated evaporated
skim milk and regular evaporated skim milk had mesophilic spore counts of 1.74 ± 0.13
and 1.89 ± 0.11 spores/mL respectively. From our results it is still unclear as to how
cavitation has an effect on the sporeforming bacteria and their spores during evaporation
and the spray drying process but, an indication and proof of concept about applying
cavitation to control sporeforming bacteria to achieve an overall low spore product has
been generated. Further studies can help us better understand the effect of cavitation on
survival mechanisms of sporeforming bacteria and their endospores in concentrated/dried
dairy products.
Denaturation of protein
The heat generated during two passes of cavitation was 63 ± 1º C which was
lower than the HTST pasteurization temperature suggesting, protein denaturation will not
occur since there is no surpassing of heat beyond the pasteurization temperature. The
average total protein content of cavitated and standard skim milk powder were 34.19 and
35.25% respectively. The protein content of skim milk powder complies with the global
standard levels indicating minimal protein denaturation occurred due to cavitation.
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CONCLUSION
Hydrodynamic cavitation has potential to be adapted at industrial levels for
manufacturing low spore product. Our investigation of its application to process fluid
milk as well as manufacture skim milk powder through an in-line process suggests that
the process can handle large volumes of milk and work with varied rotor speeds and
flowrates. Hydrodynamic cavitation when combined with HTST pasteurization has the
potential to improve skim milk microbial quality and increase its shelf life by inactivating
thermoduric spore forming bacteria and spores. Two cavitation passes in-line to an HTST
pasteurizer was observed to serve the purpose of providing a double cavitation effect for
continuously processing of large volumes of milk. Improved microbial quality of dairy
products such as skim milk powder can help US increase exports to Asian markets.
Abundance of low spore, improved quality products can potentially bring about a price
drop in the global market leading to universal distribution of products, export to third
world countries can increase and a food sustainability can be achieved. Such innovative
technological combinations can help achieve and exceed the global demand for quality
products.
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TABLES AND FIGURES
Table 1. Organisms, strains and their optimum growth temperatures.
Organism

Strain

Growth
temperature

Bacillus coagulans

ATCC 12245

37° C

Bacillus licheniformis

ATCC 6634

30° C

Geobacillus

ATCC 15952

50° C

stearothermophilus

Table 2. Log counts of vegetative cells of B. coagulans, B. licheniformis, and G.
stearothermophilus when screened for thermal resistance using HTST pasteurization at a
flow rate of 100 L/h.
Organism

TPC (Log CFU/mL ± SD)

TPC (Log CFU/mL ± SD)

Initial

After HTST pasteurization

Bacillus coagulans

5.43a ± 0.02

1.16b ± 0.12

Bacillus licheniformis

5.24a ± 0.18

0.27b ± 0.32

Geobacillus

3.50a ± 0.37

0.64b ± 0.22

stearothermophilus
n=6
(a-b) Means without common superscripts within the same row are significantly different
(P-value <0.05)
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Table 3. Log counts of vegetative cells of B. coagulans when processed through the inline cavitation and HTST pasteurization at a flow rate of 200 L/h.
Organism

TPC (Log CFU/mL ±

TPC (Log CFU/mL ±

TPC (Log CFU/mL ±

SD)

SD)

SD)

Initial

After HTST

After In-line Cavitation

pasteurization

and HTST
pasteurization

Bacillus

4.75a ± 0.03

1.20b ± 0.07

0.90bc ± 0.04

coagulans
n=9
(a,b,c,bc) Means without common superscripts within the same row are significantly
different (P-value <0.05)
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Figure 1. Log reductions of endospores of Bacillus licheniformis (ATCC 6634) at
different treatment levels.

n=9
(a-c) Means without common superscripts within plots are significantly different (P-value
<0.05)
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Figure 2. Log reductions of endospores of Bacillus coagulans (ATCC 12245) at different
treatment levels.

n = 6 (for HTST, 2C1P and 3C1P) and 3 (for1C1P)
(a-c) Means without common superscripts within plots are significantly different (P-value
<0.05)
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Figure 3. Log reductions of endospores of Geobacillus stearothermophilus (ATCC
15952) at different treatment levels.

n=3
(a-c) Means without common superscripts within plots are significantly different (P-value
<0.05)
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Figure 4. a. Tracking endospores of B. licheniformis (ATCC 6634) during SMP
production.
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Figure 4. b. Tracking vegetative cells of B. licheniformis (ATCC 6634) during SMP
production.
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Figure 5. The in-line process setup at SDSU Davis dairy plant.

(1) Positive displacement pump/ Feed Pump; (2) Feeding tank; (3) Hydrodynamic
cavitator; (4) Cavitator control panel; (5) Plate heat exchanger; (6) Holding tube
Figure 6. Process flow diagram of skim milk powder manufacturing process using
cavitation:
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CHAPTER 3
HYDRODYNAMIC CAVITATION AS A PROCESS PARAMETER FOR
MANUFACTURING LOW SPORE SKIM MILK POWDER – A PILOT SCALE
TRIAL

ABSTRACT
Hydrodynamic cavitation in combination with pasteurization has proved to be an
effective method to inactivate endospores of sporeforming bacteria as compared to
pasteurization alone. In the current study, hydrodynamic cavitation was tested at a pilot
scale level during skim milk powder manufacturing process. A high sporulating strain of
Bacillus licheniformis (ATCC 14580) was artificially inoculated into raw skim milk to
simulate unfavorable growth conditions leading to increased load of sporeformers in raw
milk. The spiked skim milk was cavitated twice at 100 L/h flow rate, 3600 rpm cavitator
rotor speed prior to HTST pasteurization during skim milk powder manufacturing. SMP
with overall better bacteriological and comparable physicochemical quality (total protein,
ash, solubility, total solids) was obtained when cavitation was used as a process step in
the manufacturing procedure as compared to regular methods. While a noticeable
reduction in the number of spores was achieved in the cavitated SMP resulting in 1.49 ±
0.09 Log spores/g, an overall increase in spores occurred during the regular SMP
production resulting in 2.74 ± 0.03 Log spores/g.
Keywords: Hydrodynamic cavitation, skim milk powder, endospores.
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INTRODUCTION
Thermophilic sporeforming bacteria are of great concern for the dairy industry.
These bacteria, capable of growing between 40 and 65 °C survive within the regeneration
sections of heat exchangers and in evaporators (Scott et al., 2007). These sections of a
powder manufacturing process usually operate between 45 to 75 °C and may lead to very
high (up to 6 Log CFU/mL) counts in the final product (Rückert et al., 2004; Rueckert et
al., 2005). The facultative thermophile B. licheniformis is one of the most prevalent
species of sporeforming bacteria in the US dairy environment (Buehner et al., 2015,
Miller et al., 2015). It accounted for about 63% of the 60 isolates found in industrial
NDM from the Midwest region in the United States (Buehner et al., 2015). Not only in
the US but, it was also identified as one of the most prevalent thermophilic bacteria in
Chinese milk powders and accounting for 27.8% of 801 isolates and appearing in
eighteen of twenty-two milk powders (Yuan et al., 2012). Ruckert et al., (2004) found
that B. licheniformis represented 37.7% of the 742 isolates of thermophilic sporeforming
bacteria in milk powders from 18 different countries. B. licheniformis in its dormant
spore form or vegetative state can survive up to 100 years in milk powders and cause
spoilages on reconstitution (Ronimus et al., 2006).
The spores can produce enzymes that affect the organoleptic and compositional
characteristics of powders (Chen et al., 2003). NDM/SMP are used as raw ingredients in
a variety of products like infant formulae, ice creams, yoghurts, bakery, confectionary,
etc., all these foods provide perfect nutrients for the bacteria to proliferate and cause
contamination again. The organism is ubiquitous in nature and is encountered in raw
milk, along the processing domain and the final products (Kalogridou-Vassiliadou, 1992,
Scheldeman et al., 2006). It is capable of surviving pasteurization, which although
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reduces 99.9% of the vegetative cells but, provides a suitable environment for the
subsequent germination and growth of spores that tend to form biofilms (Palmer et al.,
2007) on the surfaces of processing equipment. The bacterial cells find their way into the
final products as they shed from the biofilms during processing. Sometimes the biofilms
are hard to get rid of with CIP chemicals and may seed future manufacturing runs
(Hinton et al., 2002). Bacillus licheniformis can produce spoilage causing enzymes have
intermediate but, substantial proteolytic activity, ability to ferment lactose, utilize citrate
starch and casein and reduce nitrate to nitrite (Carlin, 2011). It has also been reported to
produce toxins (Pedersen et al., 2002) and health detrimental biogenic amines (ZaMaN et
al., 2010). Controlling sporeforming bacteria at initial stages of powder manufacturing is
a strategy that can be followed to avoid larger numbers due to concentration effect in the
final powder.
Milk powders are highly lucrative dairy products because of their ease in
transportation and prolonged shelf life compared to fluid milk. In recent years, increased
emphasis has been placed on the manufacturing of dried milk products for improved shelf
life outside Europe. These powders are used in a broad range of products including infant
formulae, nutritional sports supplements, confectionary and health recovery supplements.
Due to their inherent ability to survive extreme processing conditions, specific emphasis
on sporeforming bacteria is necessary. Studies have reported that the sporeforming
bacterial composition of raw milk varies significantly from their associated dairy
powders (Scott et al., 2007; Watterson et al., 2014; Miller et al., 2015), composition of
the specific sporeformers changes on the processing of milk into powder. Spore
populations amongst bulk tank raw milk and dairy powders are notably different.
Powders can be stored in the absence of water for extended periods postproduction,
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bacterial metabolic activity and growth is restricted (Deng et al., 2012), thus preventing
spoilage and product defects. Under these circumstances, however, bacterial spores may
stay dormant until more favorable conditions are met, and germination and outgrowth
may continue.
The United States produces and exports a large variety of dairy products like
cheese, SMP/NDM, whey products and lactose globally and has the potential to grow in
the coming years. Dairy powders are widely used for convenience in processing, product
formulations, handling, and transportation. The current global export of Skim milk
powder/nonfat dry milk (SMP/NDM) from the U.S. is 67,154 tons (aggregate volume as
of March 2018), which is 38% more from March 2017 (U.S. Dairy Export CouncilGlobal Dairy market Outlook). The microbial quality of products has however, lead the
United States to face challenges in the recent years from the South East Asian market
regarding inconsistencies and lax specifications. There has been a lag in export of
SMP/NDM to major Asian markets such as the Philippines, Indonesia and Vietnam. The
importing markets are looking for high specification dairy ingredients that meet their
needs, especially low-spore powders. U.S. milk powder producers are investing in worldclass technologies, upgrading processes and facilities to meet and exceed the consumer
specifications for milk powders.
The microbial quality of the milk throughout the processing domain is of utter
importance to get a higher quality end product. It is important to remove sporeforming
bacteria at early stages of processing. Cavitation as a novel technology has been
investigated to deal with high heat resistant sporeforming bacteria to improve the existing
quality issues. Khanal et al., (2014) studied the effect of ultrasonication (acoustic
cavitation) on endospores of common dairy sporeformers including B. licheniformis in
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skim milk. The cavitation effect induced, due to formation and collapse of bubbles in the
skim milk, damages the endospores thereby, reducing their resistance to thermal
treatments. Khanal et al., (2014) reported a 65.74% endospore inactivation of G.
stearothermophilus when ultrasonication was combined with batch pasteurization. Direct
hydrodynamic cavitation has been reported to be more efficient for inactivation of
endospores in skim milk, Milly et al., (2007) reported a 3.10 Log reduction in endospores
of B. coagulans in tomato juice and 2.84 Log reduction in endospores of C. sporogenes in
skim milk, by exposing them to continuous hydrodynamic cavitation at 3000 rpm until
104 ℃ and 116 ℃ temperatures were reached respectively. Bawa, (2016) reported a
97.59% reduction in endospores of B. licheniformis in skim milk when subjected to a
continuous 6 pass hydrodynamic cavitation effect combined with batch pasteurization.
The 6-pass effect was achieved by recirculating the product for 18 min in the cavitator,
the cavitated milk was then batch pasteurized in the lab using a shaking water bath for 63
°C for 30 min. Ultrasonication and hydrodynamic cavitation are just two different means
of generating cavitation i.e. through the use of sound waves and flow energies.
The current study aims at utilizing the effect of hydrodynamic cavitation prior to HTST
pasteurization, evaporation and drying for efficiently inactivating endospores and
conveniently processing skim milk to get skim milk powder with low viable counts. The
shockwaves generated during the cavitation (formation and collapse of bubbles in the
liquid medium) damages the endospore coat, which can lead to the release of dipicolinic
acid (Reineke et al., 2013), a chemical compound implicated to be responsible for
thermal resistance of the endospore, once the thermal resistance is compromised the
endospores can easily be damaged by the thermal effects of HTST pasteurization,
evaporation and Niro drying.
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MATERIALS AND METHODS
Sourcing of Bacterial Strain
A freeze-dried bacterial culture of Bacillus licheniformis (ATCC 14580) was
sourced from the American Type Culture Collection. The strain was grown in Brain
Heart Infusion broth (BHI; BD DifcoTM) by incubating at 37 °C for about 12 h to achieve
approximately 107-108 Log CFU/mL of viable cells. The culture was transferred to fresh
sterile broth tubes and grown for 12 h twice before being pelleted out using a centrifuge
(Beckman Coulter Avanti J-E centrifuge) at 4,500 x g for 30 min at 4 °C. Following
centrifugation, the supernatant was discarded, and the pellets were washed using
phosphate buffer saline (PBS) at pH 7.4. The centrifugation and washing step were
repeated thrice and the pellets were finally preserved in 1.8 mL cryogenic vials
containing beads and glycerol (CRYOBANK TM_ Copan diagnostic Inc., CA USA) by
storing at -80 °C in a deep freezer (NuAire ultraflow freezer) for future use. Protocol
suggested by Perry (1995) was used to preserve the culture.
Preparation of endospores
One mL of actively growing (overnight grown) cells of the culture B.
licheniformis (ATCC 14580), a high sporulating strain, were spread plate on BHI agar
plates of dimension 150mm OD X 15mm high, these plates were then incubated at 37 °C
for 10 days (at least) or more (until 90% sporulation was achieved). Spore staining
(Hamouda et al., 2002) was done during the incubation period to observe the extent of
sporulation. When 90% sporulation was observed the spores were harvested as per the
method suggested by Wang et. al., (2009). Five mL of sterile PBS was spread on the
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plates to allow the growth to soak for 2-3 min. The soaked growth on the plates were
scraped off using sterile spreaders and collected in 50 mL sterile centrifuge tubes. The
tubes were centrifuged at 4,500 x g for 30 min at 4 °C and the supernatant was discarded.
The pellets were washed twice with sterile PBS and centrifuged. The final washed pellets
were suspended in 20 mL sterile PBS and heat treated at 80 °C for 12 min in a hot water
bath to eliminate vegetative cells. The spore suspensions containing 108 spores/mL were
stored at -80 °C in a deep freezer (NuAire ultralow freezer, NuAire Inc. MN, USA) until
further use.
Standardization of endospore inoculation levels for challenge studies
To determine the levels of inoculation, the prepared endospores of B.
licheniformis (ATCC 14580) were heat treated at 80 °C/12 min and 1 mL of the spore
suspension was inoculated in 9 mL of sterile PBS at pH 7.4. Dilutions were made using
PBS and 10-5 to 10-10 dilutions were pour plated using BHI agar. The plates were
incubated at the respective growth temperature, 37 °C for 24-48 h depending upon the
time for the colonies to show up. The level of spores in the suspension was calculated
using equation 1.1 (Wehr and Frank, 2004).
Manufacture of Skim Milk Powder
Fifteen hundred lb of raw skim milk was inoculated with vegetative cells and
endospores (in 3:1 proportion) of B. licheniformis (ATCC 14580) resulting in final levels
of vegetative cells of about 3.34 Log CFU/mL and endospores of about 2.57 Log
CFU/mL. The inoculated milk was cavitated at 3600 rpm cavitator rotor speed (APV
Cavitator SPX, Denmark) at a flow rate of 100 L/h. The milk was cavitated twice and
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held at 4.0 ± 0.4 °C for 24 h until further processing due to limitation of time and
resources on the same day. Post 24 h hold, pasteurization was carried on at a flow rate of
600 lb/h at 73 °C for 16 secs using the commercial HTST pasteurizer at Davis Dairy
Plant, SDSU. The next step was evaporation that was carried out using the commercial
evaporator at Davis Dairy Plant, SDSU at a working temperature of 62.7 °C until 46 °B
total solids were achieved. Finally, the evaporated skim milk was dried using a Niro dryer
(Niro Atomizer, Copenhagen, Denmark). An inlet temperature of 195 °C and an outlet
temperature of 95 °C were applied on the Niro Dryer. The flow rate of the feed was 7.2
L/h and the pre heated air flow rate was 187 L/h. The powder was immediately collected
in sterile plastic containers and stored at refrigerated temperature until further analysis.
A separate batch of skim milk powder was manufactured without the use of
cavitation step in the manufacturing process to draw a comparison between cavitated
skim milk powder and regular skim milk powder.
Samples were collected in triplicates from the spiked raw milk batch, evaporated
batch and dried batch for the cavitated and regular skim milk powder procedures. The
whole trial was conducted once as a proof of concept study.
Analysis of skim milk powder
Basic chemical, physical and microbial analysis were carried out of the cavitated and
regular skim milk powders.
Protein content: The protein content of SMP was measured using Kjeldahl method
(Wehr and Frank, 2004). The digestion was carried on by boiling the sample with
concentrated sulfuric acid with the addition of a catalyst until complete dissolution and
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oxidation occurred. The distillation was done by adding an excess of sodium hydroxide
solution. The ammonia released was distilled and collected in a boric acid solution. The
ammonia was determined by titrating with a volumetric acid solution (sulfuric acid) at 0.1
N.
Total Solids Content: The total solids content was determined by heating the SMP sample
in a pre-weighed aluminum dish between 103 to 105 °C in a hot air oven for 6 h. The
percent total solids were calculated using equation 3.1 as mentioned below (Wehr and
Frank, 2004):
% 𝑇. 𝑆. =

9:;<=> ?@ AB;:A CD)E*:
9:;<=> ?@ CD)E*:

100

(3.1)

Lactose content: The lactose content was determined using HPLC (High
performance liquid chromatography) (Wehr and Frank, 2004). 5 g of sample was mixed
with 25 mL of buffer solution. The mix was centrifuged at 3000 rpm for 15 min. The
supernatant was filtered using Whatman No.1 paper. The supernatants were taken in 1.5
mL centrifuge tubes and centrifuged at 11,000 rpm for 10 min in a microcentrifuge
(Eppendorf 5415 D). The sample was then injected into the HPLC machine (Beckman
Coulter Gold 125 Solvent Module HPLC system).
Solubility: The solubility of SMP was measured at room temperature and a warm
temperature of 50 °C. Five g of sample was mixed with 100 mL of HPLC grade water
with 0.05 g of antifoam-B. After 30 min of continuous stirring on a magnetic stirrer and
maintaining the respective temperatures, 40 mL of each sample was taken in centrifuge
vials and centrifuged (CR 412, Jouan Inc.) at 700 x g for 10 min. The suspensions were
collected in pre-weighed aluminum bowls and dried at 103 ± 2 °C for an hour. The vials
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containing the pellets were again mixed with 40 mL of HPLC grade water and
centrifuged. The drying of the supernatant was repeated again for 4-5 h. The aluminum
bowls were cooled down in a desiccator and weighed. The percent solubility was
calculated as follows (Wehr and Frank, 2004):
P

% 𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 = 100 − OEQ 100

(3.2)

Where,
y: weight of the dried supernatant
p: weight of the original sample
Ash content: The ash content was determined by heating the SMP sample in crucibles
at 100 °C overnight in a hot air oven followed by heating at 550 °C overnight in a muffle
furnace. The % ash content was calculated by the following formula (Wehr and Frank,
2004):
9:;<=> ?@ DC=

% 𝐴𝑠ℎ = 9:;<=> ?@ CD)E*: 100

(3.3)

Microbial analysis: Eleven g of skim milk powder was reconstituted with 99 mL
sterile water mixed well using a stomacher machine. The enumeration of viable cells was
carried out as mentioned below.
Enumeration of viable cells
Viable cells in the milk samples were enumerated by the pour plate method using
Tryptic Soy Agar for vegetative cells and BHI agar for endospores. The samples were
diluted using sterile PBS at pH 7.4. The plates were incubated at respective growth
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temperatures for 48 h. Colony forming units per mL were calculated according to
equation 1.1 (Wehr and Frank, 2004):
𝑁 𝑜𝑟,

&'(
)*

=

∑.&
(/0 1 0)3(/4 1 4)

𝑑

(1.1)

Where,
N = Number of colonies per milliliter of the product
SC = Sum of all colonies on all the plates counted
n1= Number of plates in lower dilution counted
n2 = Number of plates in higher dilution counted
d = dilution level corresponding to n1
Statistical Analysis
Statistical analysis was done using MS Excel to see any significant difference
between initial (inoculated levels) and final (after treatments) vegetative cells or spore
counts in skim milk and skim milk powders. Mean values n=3 were compared using t-test
with level of significance at 0.05.

RESULTS AND DISCUSSION
Microbial trail of the skim milk powder manufacturing process
To 1500 lb raw milk with a pre-existing microflora of 2.27 ± 0.13 log CFU/mL (not
shown), vegetative cells and endospores (in 3:1 proportion) of B. licheniformis (ATCC
14580) were added resulting in final levels of vegetative cells of about 3.34 Log CFU/mL
and endospores of about 2.57 Log CFU/mL.
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Regular skim milk powder
While the regular method of manufacturing skim milk powder was effective
against vegetative cells of this high sporulating strain it was clearly ineffective against the
endospores. From initial vegetative cell counts of 3.37 ± 0.03 Log CFU/mL in skim milk
to final counts of 1.03 ± 0.42 Log CFU/g in skim milk powder (2.34 Log reduction)
indicates the typical effectiveness of the heat treatments of a skim milk manufacturing
process against vegetative cells of sporeforming bacteria. Previously Murphy et al.,
(1999) has reported between 1 to 2 Log reductions in thermophilic sporeforming bacteria
following spray drying of concentrated milk from skim milk to produce low heat powder,
Muir et al., (1986) reported a 3.12 Log reduction in mesophilic sporeforming bacteria
counts while manufacturing low heat skim milk powder from raw skimmed milk.
Thompson et al., (1978) reported about a Log reduction (0.92 Log) in vegetative cells of
Bacillus subtilis in the final skim milk powder produced from concentrated skimmed
milk where raw milk was concentrated to eliminate/minimize in numbers any preexisting
organisms.
The endospore counts in the skim milk powder manufactured through standard
methods was observed to be half a Log (0.56 Log) higher (from 2.18 ± 0.01 Log
spores/mL in skim milk to 2.74 ± 0.03 Log spores/g in skim milk powder). This finding
was true to the fact that spores are capable of surving harsh heat treatments, they can
clump during heat treatments thereby increasing their resistance to heat sterilization
(Furukawa et al., 2005), their increase in number can be attributed to factors like
sporulation due to stress conditions, concetration effect (physical concentration of the
liquid product to powder) and contamination through biofilms due to longer runs of the
manufacturing cycle. Various researchers in the past have reported similar findings where
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the final spore count in finished skim milk powder is higher than the raw skim milk
powder used for manufacturing it. Watterson et al., (2014) reported an increase of 1.7
Log and 0.7 Log in thermophilic and mesophilic spore counts respectively from raw milk
stage to the final NDM powder stage. In another study no spores were detected in the
feed balance tank whereas, the numbers in evaporated milk went as high as 4.1 log
CFU/mL, the author concluded the role of sporulation and thermophile contamination
through foulants that remained in the plant after a CIP as the reason for such high
numbers in the final product i.e. whole milk powder (Scott et al., 2007). Murphy et al.
(1999) tracked thermophilic bacteria during milk powder manufacturing and found that
preheating treatments of milk prior to evaporation resulted in growth of these bacteria up
to 5 log CFU/mL, resulting due to prevalence of elevated temperatures in the pre-heaters
for longer times contributing to growth opportunities for bacteria and the pre-heaters
being a perfect growth platform for biofilm formation due to larger surface areas. The
author concluded that bypassing the preheating step is effective in reducing the growth in
the evaporator section and subsequently lowering the bacterial and spore counts after
evaporation and drying.
The final total solid content of the regular skim milk powder was 97.45 ± 0.06%
indicating a proper recovery of the solids through the manufacturing process. The lactose
and total protein content of 42% and 24.33 ± 0.36% respectively were found to be lower
than the global standards (51% lactose and 34-36% protein) while, the ash content of 8.21
± 0.12% complied with the global standards (8.2-8.5%). The SMP was easily soluble at
room temperature as well as higher temperature (50° C) with solubility % as 98.41 and
98.37 respectively (thinkusadairy . . . 2018).
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Cavitated skim milk powder
A significant drop in counts of vegetative cells and endospores were observed when
cavitation was used as a manufacturing step to produce skim milk powder from
inoculated skim milk. A 2.99 Log reduction was achieved from initial vegetative cell
counts of 3.32 ± 0.03 Log CFU/mL in skim milk to final counts of 0.33 ± 0.03 Log
CFU/g in skim milk powder. These results were comparable to the previous studies
conducted in our lab where cavitation alone as well as a process step combined with
HTST pasteurization has been able to reduce vegetative cell counts to merely below a
Log reduction (Chapter 2, Bawa 2016). From the numbers (Figure 2) it is observed that
only 1.99 Log reduction was achieved from the double cavitation, HTST pasteurization
and evaporation steps, contrary to our previous findings where a single cavitation pass in
combination with HTST pasteurization has been effectively used to inactivate about 3-4
Log of vegetative cells of sporeforming bacteria. Those studies were limited up to the
pasteurization step and evaporation has known to increase bacterial loads due to various
factors like favorable growth opportunities resulting in germination of the bacteria due to
prevalence of elevated temperatures in the pre-heaters for long time, contamination
through biofilms and the concentration effect. As long as they can grow quickly Bacilli
do not sporulate significantly and the favorable conditions of the evaporator can induce
such a behavior. In many studies the vegetative cell counts have known to decrease from
the skim milk form to the heated/pasteurized form and increase again to the concentrate
form during the production of skim milk powder. Muir et al., (1986) reported a decrease
of 2.81 Log of mesophilic sporeforming bacteria vegetative cells when skim milk was
pasteurized for the production of low heat skim milk powder, the vegetative cells
increased by 0.58 Log in numbers after the pasteurized milk was concentrated for further
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processing. The same phenomenon occurred for the production of high heat skim milk
powder where the thermoduric bacteria count decreased by 2.15 Log when heat treated
and increased again by 0.76 Log when concentrated for further processing. Murphy et al.,
(1999) also reported a similar phenomenon during the manufacture of low heat skim milk
powder where, the thermophiliic vegetative cell count of heated milk increased by 0.77
Log in the concentrated sample after 12.5 h of processing.
An overall significant drop i.e. a 1.47 Log reduction was observed in the spore
counts of skim milk to skim milk powder (from 2.96 ± 0.10 Log spores/mL in skim milk
to 1.49 ± 0.09 Log spores/g in skim milk powder). We observed a slightly greater
reduction (1.76 Log reduction) of spores in the evaporated milk which then increased by
0.29 Log in the final skim milk powder (Figure 1). This phenomenon is again true to
some previous findings and can be attributed to the physical concentration effect of a
liquid to a powder or to the sloughing off of biofilms or contaminations from foulants
(Muir et al., 1986; Murphy et al., 1999; Scott et al., 2007; Watterson et al., 2014). The
higher number of spores in the final SMP as compared to the evaporated milk can also be
a result of sporulation of the bacteria under high thermal stress as the strain used
(Bacillus licheniformis ATCC 14580) was a high sporulating one.
The final total solid content of the regular skim milk powder was 97.25 ± 0.08%.
The lactose content was 43.1 which did not comply with the global levels. The ash and
total protein contents of 8.28 ± 0.08% and 35.22 ± 0.10% respectively were in
accordance with the global standard levels. The cavitated SMP readily dissolved in water
at room temperature as well as a higher temperature (50° C) with solubility % as 98.54
and 97.50 respectively (thinkusadairy . . . 2018).
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Standard vs Cavitated Skim Milk Powder
The overall microbial quality of the cavitated SMP was better and the
physicohemical properties were caomparable to the regular SMP. Even though the
reduction of spores and vegetaive cells was higher in the cavition induced process, the
sporeforming bacteria behaved in typical patterns in both the processes as reported earlier
by many researchers. The behaviour was typical in the evaporation and drying
procedures. The vegetative cells in the cavitation process showed a higher survival rate
after evaporation unlike expected, the reason for which could be 1. the multiplication of
the cells under favourable thermal conditions of the evaporator, 2. the physical
concentration effect of liquid to powder or 3. the breaking of bacterial clumps or
germination of spores to vegetative cells due to induced pressure in the cavitation
chamber (Wuytack et al., 2000; Paidhungat et al., 2002). The sloughing of biofilms to
cause any contamination in this case can be ruled out as the production run (HTST
pasteurization to spray drying) was short of about 7 h. A higher spore count was observed
after the evaporation step as compared to the base skim milk when regular methods were
used, the reason here could be sporulation due to changing conditions and instant heat
shock as result of cooling after pasteurization and subsequent heating for evaporation.
The spore counts in the regular evaporated and dried milk were comparable. The overall
spore level in the regular SMP increased from the initial phase of processing to the final
product. The caviated SMP had slightly higher but, comparable spore counts as the
cavitated evaporated milk, again sporulation could have played a part here as the strain
was high sporulating working under stressed conditions of high thermal heat and again,
the speculation of contamination through biofilms can be ruled out as the production run
was short. The larger population of bacteria in the final cavitated skim milk powder was
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in the form of spores, spore counts in the range of 1.10 to 3.40 log CFU/g in skim milk
powder have been previously reported in the United States (Buehner et al., 2015; Kent et
al., 2016). The higher lethality of the caviation induced procedure can be accounted to the
fact that cavitation caused injury to the cells in the initial stages of processing and hence,
they were effectively destroyed by the following heat processes thereby resulting in a
skim milk powder with lower counts as compared to the powder produced by regular
methods.
The physicochemical properties of both the powders were mostly comparable
with lactose content being low for both the powders. The low lactose content could be a
reason of hydrolysis by the Bacillus licheniformis strain which is known to produce bgalactosidase that hydrolysis lactose readily at 60° C (Juajun et al., 2011). The hydrolysis
effect was uniform for the whole batch of skim milk inoculated with Bacillus
licheniformis (ATCC 14580). Spray drying is known to induce changes in the protein
structures that can influence solubility and denaturation which is why the total protein
content of the regular skim milk powder might have been impacted (Singh and Creamer,
1991). The USDEC implements limits of 500 CFU/g and <1000 CFU/g for thermophilic
and mesophilic spores in milk powders destined for export. Looking at the bacteriological
and physicochemical quality of the cavitated skim milk powder we can say it has great
potential to be able to be exported from the U.S.

CONCLUSION
The intent of our study was to demonstrate the effect of cavitation in a large-scale
skim milk powder manufacturing process. We used a high sporulating strain which would
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readily form spores resulting in higher spore counts in the final skim milk powder when
produced through regular methods. The effect of hydrodynamic cavitation in the
manufacturing process turned out to be as desired resulting in a skim milk powder with
overall lower bacterial counts as well as comparable physicochemical properties. The
concept turned out to be well suited to be adapted into industrial setups. Although this
study is based on just one pilot scale trial it gives us an indication of the potential
utilization of the techniques applied to achieve what was anticipated. This proof of
concept study can be used as the basis of further studies to evaluate the potential of
hydrodynamic cavitation induced reduction in sporeforming bacteria involved in dairy
processing.
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TABLES AND FIGURES
Figure 1. Tracking endospores of B. licheniformis (ATCC 14580) during SMP
production.
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Figure 2. Tracking vegetative cells of B. licheniformis (ATCC 6634) during SMP
production.
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OVERALL SUMMARY AND CONCLUSION
Sporeforming bacteria and their endospores are hard to deal with. They survive
heat treatments and find their way from raw material, through the processing lines into
the final products and are reasons for spoilages that cause enormous food waste as well as
economical loss. Our research generated a proof of concept of utilizing the effect of
hydrodynamic cavitation to inactivate these bacteria and their endospores at industrial
levels while processing fluid milk and also during manufacturing of products like skim
milk powder. We investigated our process against common dairy sporeformers prevalent
in the United States and major milk powder producing nations worldwide. Bacillus
licheniformis, Bacillus coagulans, and Geobacillus stearothermophilus are some of the
common dairy sporeformers that are found in skim milk powders post processing. The
main points of our study are summarized and concluded below:
•

Consistent conditions for cavitation and pasteurization i.e. 3600 rpm cavitator
rotor speed and 73 °C for 15 s HTST pasteurization temperature-time
combination were used.

•

The vegetative cells of Bacillus licheniformis (ATCC 6634), Bacillus coagulans
(ATCC 12245), and Geobacillus stearothermophilus (ATCC 15952) were tested
against HTST pasteurization to check their thermal resistance. The vegetative
cells of B. coagulans were found to be thermally resistant to HTST pasteurization
and hence were further subjected to the in-line hydrodynamic cavitation and
HTST pasteurization treatment. The in-line process at a 200 L/h flowrate
effectively (P<0.05) reduced the vegetative cells of B. coagulans (0.90 ± 0.04
Log CFU/mL from an initial load of 4.75 ± 0.03 Log CFU/mL) as compared to
HTST pasteurization alone.
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•

The process was tested against endospores (at a 100 L/h flow rate) of the abovementioned sporeforming bacteria. It was observed that at least 2C1P effectively
(P<0.05) reduced endospores by 85.03% (from initial loads of 1.69 ± 0.12 Log
spores/mL to 0.85 ± 0.19 Log spores/mL) in case of B. licheniformis, 47.66 %
(from initial loads of 1.51 ± 0.03 Log spores/mL to 1.22 ± 0.10 Log spores/mL)
in case of G. stearothermophilus and 76.04% (from initial loads of 2.13 ± 0.06
Log spores/mL to 1.52 ± 0.06 Log spores/mL) in B. coagulans.

•

3C1P were most effective (P<0.05) in reducing 92.41% (from initial loads of
1.69 ± 0.12 Log spores/mL to 0.57 ± 0.14 Log spores/mL) endospores of B.
licheniformis, 91.58 % (from initial loads of 1.51 ± 0.03 Log spores/mL to 0.42 ±
0.15 Log spores/mL) endospores of G. stearothermophilus and 63.52% (from
initial loads of 2.13 ± 0.06 Log spores/mL to 1.70 ± 0.05 Log spores/mL)
endospores of B. coagulans.

•

2C1P, followed by lab scale vacuum evaporation and plant scale Niro drying was
used to manufacture a potentially low spore skim milk powder by testing the
process against artificially inoculated endospores of B. licheniformis (ATCC
6634) in skim milk. A 70.17% reduction in endospores was observed (from
initial levels of 1.94 ± 0.11 Log spores/mL in skim milk to 1.40 ± 0.17 Log
spores/mL) in skim milk powder when cavitation was used as a manufacturing
step as compared to standard methods which reduced about 58.98% (1.94 ± 0.11
Log spores/mL in skim milk to 1.56 ± 0.07 Log spores/mL in skim milk powder)
spores.
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•

A plant scale study involving double cavitation (2C) passes prior to HTST
pasteurization, evaporation and Niro drying reduced 99.840% endospores (2.96 ±
0.10 Log spores/mL in skim milk to 1.49 ± 0.09 Log spores/g in skim milk
powder, P<0.05) of B. licheniformis (ATCC 14580) as compared to regular
industrial methods where no reduction in endospores in the final product was
observed and the resultant skim milk powder had final endospore counts of 2.74
± 0.03 Log spores/g.

•

Our findings suggest that the process can handle large volumes of fluid product
and can be scaled to industrial levels. While, 2C1P was effective against the
endospores of thermoduric strain B. coagulans, 3C1P was more effective against
the thermophilic strain G. stearothermophilus and B. licheniformis suggesting
that the process can be fine-tuned depending upon the type of spore population
and strain characteristics.

Our studies conclude that Hydrodynamic cavitation when combined with heat
treatments, increases their efficacy to inactivate thermally resistant sporeforming bacteria
and their endospores. The process has the potential to be scaled up and adapted at
industrial levels as we have already simulated similar conditions. Two cavitator in-line to
an HTST pasteurizer can serve the purpose of providing double cavitation passes in a
continuous mode. Reducing the bacterial counts at initial levels of processing leads to
lower load and lesser interaction of these bacteria with the equipment surfaces hence,
minimal formation of biofilms and subsequent contaminations due to biofilms. A fairly
simple innovative technique can lead to abundant production of skim milk powder with
lower spore counts and help U.S. avoid any competition with the European and Oceanian
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markets, increasing export worldwide. An abundance of good product means less losses
due to spoilage and a step towards attaining food security.

